52
-
E
w2
—
=

3 UNIVERSITA'
c2 =
= b

] P :
I=ONYTIN A2

Synthesis and Characterization of TiG
polymeric nanocomposites with tunable
optical properties

by

Annalisa Colombo

Ph. D Tutor: Dott. Roberto Simonutti
Ph. D Director: Prof. Gianfranco Pacchioni

XXIV Cycle
School in Nanostructures ahhnotechnologie
Department of Materials Science






The creativity takes courage...

(Paul Gauguin)






Abstract

The objective of my Ph. D thesis was to realize and
characterize polymer-Ti©D hybrid nanocomposites. When
dispersed at the nanoscale level, Ji€an tune the optical
properties of the polymeric matrix, such as UVefiland the
increase of refractive index, preserving the transpcy and
the flexibility of the polymer in the visible.

The first part of this work involved the study affdrent types
of TiO, used as optical diffusers. Aeroxide B2egussa),
Rutile (Aldrich) and anatase synthesized by noreaga route,
were tested and modified on the surface, in ordestabilize
them in methylmethacrylate (MMA). Some phosphortda
(phenyl phosphonic acid and octylphosphonic acidjenused
as modifying agents. The degree of surface coverage
examined by thermogravimetric analysis (TGA) and
phosphorous elemental analysis, while the bindingdes
between the functionalizing agent and titanium dlexwere
investigated with FTIR and Solid-State NMRP MAS NMR
showed that phosphonic acids adsorb on the sutfaceigh
different geometries depending on the defects eftitanium
dioxide surface, the acidity of the modifying agemd the
synthesis conditions., The formation of bulk phaspte
structures was also investigated under high tenhrera
condition; from this point of view, rutile was thmost
sensitive.



Rutile nanoparticles were also modified on the aefwith
some amines (hexylamine and octylamine) and catlmoxy
acids (propionic acid and octanoic acid). Amingsriact with
Lewis and Brgnsted acid sites present on the rgiilgace
according to FTIR and®C CP MAS NMR measurements,
while carboxylic acids bind through a chelate camtion and

a bidentate one. Nanopaticles modified on the esarfaere
dispersed in MMA and polymerized in bulk, in orderobtain
optically transparent TigPoly-methylmethacrylate (PMMA)
sheets. The application of these objects was irstiie-state
lighting field, where the nanoparticles play thderof light
diffusers. In order to obtain transparent objedtaracterized
by controlled diffusing properties, nanoparticlegeegates of
about 100 nm in MMA were required. Best results aver
obtained with P25 and anatase modified with octygponic
acid, and rutile modified with hexylamine. The npadicles
size was investigated with Dynamic Light Scattering
Nanocomposite sheets filled of rutile modified with
hexylamine in concentrations from 0.005% to 0.02%wveight

in the polymeric matrix were prepared. The fabiarat
procedure of the nanocomposites did not inducehéurt
agglomeration of the aggregates according to Tresssom
Electronic Microscopy (TEM) images. Moreover, U\siile
spectroscopy measurements revealed that the naposdm
sheets diffused the light according to Rayleightt®cag: from
this point of view, the diffusion properties coubs tuned
modifying the concentration of nanoparticles in godymeric
matrix.



The second part of the project involved the preparaof
nanocomposite films based on poly 2-ethyl-2-oxawmoli
(PEOX) and TiQ nanoparticles with concentrations up to 44 %
in weight. Films were prepared by casting from wate
solutions. Anatase particles synthesised by nor@uagi route
were used. Transmission electron microscope im@ijels!) of
the films showed that the nanoparticles are clest@nto small
aggregates of the order of 40 nm, and that thasserk are
homogenously distributed in the polymeric matrixtoric
Force Microscopy (AFM) images of the films showédttthe
clusters partially protrude out of the compositerfae
providing a nanometric roughness. Water contactleang
measurements highlighted a hydrophobic behaviourthef
nanocomposites compared to the hydrophilic onéepristine
polymer, confirming that the organic coated nantglas
stand outside the polymer surface. Nanocompositiess f
remained highly transparent in the visible ranged dhe
refractive indices of the films raised from aboub2lto 1.65
with increasing TiQ@ concentration. While Specular Gloss
measurements showed an increase of the root-meamnesq
surface roughness with TjCcontent, Distinctness-Of-Image
Gloss measurements showed that it does not nelyadffect
the image information carried by the underlyingelayThe
good physical properties of these materials anat Hudubility

in water could allow their application in the paamd coating
industry and in the field of conservation of cuttuheritage as
consolidant or varnish of polychrome paintings.



The role played by Ti@in the films’ optical properties was
studied comparing them with lower refractive namoposite
films prepared with Si@nanoparticles dispersed in the PEOX
matrix. The light stability of these films was alsbecked by
artificial degradation in a weather-ometer equippeth arc-
xenon lamp.
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Chapter 1
Introduction

In this chapter the state of art of the applicatieds of my
research and, as consequence, the motivationgthated my
Ph. D. studies are explained.

1.1 A new devise based on transparent
TiO,/PMMA nanocomposite sheets for lighting
application

Because of the strong limitation of the fossil weses, the
efficient conversion of the solar radiation to #lety is
subject of intense global research. In fact, sefargy will be
available indefinitely, as long as humanity existisd it is free.
At the same time, also the reverse conversionm fetectricity
to light — points out much interest in the lastrgedVhat the
transistor meant to the development of electrorties, light-
emitting diode (LED) does to the field of photonid¢s fact,
this core device has the potential to revolutiortibe& we use
the light. These uses include illumination, comngation,
sensing, and imaging.

Figure 1.1 shows the Iluminous efficacy of convemdio
lighting (incandescent light bulb and fluoresceramp)
compared to the light-emitting diode technology. eTh
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important difference is that the Iuminous efficacyf
conventional lighting is limited by fundamental facs that
cannot be overcome, while the efficiency of soliake sources
is limited only by human creativity and imaginatidtrom this
point of view, the theoretical limit of the conviens for white
light generated by three LEDs has been shown @2Bdm/W
[1]. This theoretical limit will be difficult to rach, but it is
reasonable to presume that up to 2/3 of the thiealetalue
could be achieved on large-scale.

300 T T T T T T
200 [Linear fluores-
centlamp | | .- ]
DN '] S S T ) e Em—— .
% 70 [Edison’s light bulb & -8 3
S 4o L_(Cfilament) 1% .
g 30r ]
g 2 § & Light-emitting |
- . diode (LED
3 10 4 =
E 7: bt Compact fluores-
3 4fF cent lamp
3+ o
2t o2 Incandescent lamp
i (W filament)
9 L PR SR e o s o S

2015
Figure 1.1. Comparison of the luminous efficacy (source effigaof
conventional lighting technologies with the potahtf light-emitting diode
technology [2]. The luminous efficacy measuresdhpacity to convert the
electrical power to luminous flux of white lighth& unit of measurement is
lumen (Im) per watt (W), where “lumen” is the urif luminous flux
(optical power as perceived by a human).

L L
1880 Time and Technology

The high efficiency of solid-state sources alregugvides
energy savings and environmental benefits, su¢theaseduced
energy consumption, emission of green-house gaSeék),(
emission of acid rain—causing §@nd mercury pollution [3].
In future, it is presumed that the solid-state tiigdp could cut
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the electricity used for lighting (private and coenaial),
currently at 22%, in half. Several promising stgéds to create
white light with the use of inorganic sources, ongasources,
and phosphors has been developed [4]. The aim @as th
achievement of an equilibrium between the luminefigacy
and the color rendering, that is the ability ofght to show the
“true color” of an object. Apart from the realizati of efficient
and color-stable LEDs, other challenges are redativ the
devise design, paying attention to the cost-praegssnd the
integration of devise in luminaries.

In this work, we thought about a device characsetiay a blue
LED chips array as light source, that is the mdfgtient LED
available up to now (emission wavelength about d4@5. The
light source is placed at the edge of a highly dpament
polymer sheet (several tens of centimeters longveidd) that

is the lamp, filled with phosphors as light coneerfthe output
light should be a warm white). Since the light proeld by
LED chips is highly directional, the polymeric she filled
with TiO,, whose role is to spread out the light. In order t
have the major efficacy in the light diffusion pgesng the
sheet transparency, TiQarticles should be about 100 nm. The
amount of scattered light for such small particdas be tuned
by the Rayleigh’s equation considering all the basi
characteristics of the diffuser (volume fraction dfie
nanoparticles, optical path of the light inside ttiéfuser,
refractive indices of the components) and the sakct
distribution of the light source. In order to oltéinese objects,
poly-methylmethacrylate (PMMA) was chosen as polyme
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matrix thanks to its chemical stability, mechanipabperties
and high transparency. Titanium dioxide was usedial
diffuser as it is transparent in the visible, itsatbs in the
ultraviolet (UV) region protecting the organic matfrom the
UV radiation, and it is characterized by a higlraefive index,
compared to the polymer one, favoring the lighttecig.

After the background informations on the polymeric
nanocomposites reported in chapter 2, chapter tatebcribe
the experimental methods used to modify J$0rface and the
techniques employed to analyze the modificatiore $acond
part of chapter 4 reports the in-situ polymerizatiof a
PMMA/TIO, nanocomposites set and the optical
characterization.

1.2 Transparent TiO,/PEOX nanocomposite films
as coating of Matte Painted Surfaces

Until the middle of XIX century artists had the tw® to apply
a final transparent layer to the surface of pag#inwhose
binder was generally oil. The aim of this layerlexhvarnish
was to modify the paintings appearance; in pawicablour
saturation and gloss (see Figure 1.2).
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Figure 1.2.Govaert FlinckPortrait of a Man,1641. The unvarnished side
on the left is compared with the varnished sidetanright. The left side
appears more saturated that the right one.

From this point of view, varnish is as importanttls painted
layers since it contributes to the right visionttoé work of art.
On the other hand, the varnish is the most vulrerphrt of
the painting. It is the layer exposed directlylte £nvironment
and it is prone to the deterioration induced by ligat (in
particular UV radiation), pollutants and dust. Titichal
varnishes were based on triterpenes and sesquiesrpand
degraded rapidly: crackings and yellowing occumedcuring
the images beneath them. So, varnishes were removed
regularly during restoration interviews and repthdgy new
ones. From this point of view, although - in thenservation
field - materials should respect the first requieatn of
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durability, removability is the most important onfor
varnishes. In fact, the cleaning procedure shoulot n
compromise the painting layers. These are all reasehy
varnishes have been so widely studied in literafoh®]. From
1930s acrylic, methacrylic and vinylic resins begarbe used
as varnishes because of their stability on time;tlen other
hand, the optical result is less gloss and effectivan the
natural resins. This optical difference was attelouto the
different molecular weight (few hundreds of Daltofisr
natural resins versus some dozens of thousandsltdria for
the synthetic resins) that induces the formationswffaces
characterized by different roughness and, as coeseg,
different surface scattering [9]. This problem vgag over in
the Nineties years with the introduction in the sEnvation
field of the low molecular weight resins: the sdled aliphatic,
aldehydic and ketonic resins. In fact, these vaesspermit to
have the same optical effects of the natural resitis a major
stability on time. Moreover, studies were done rigestigate
the possibility of inhibiting autoxidative degramat of natural
resins and other varnishes with stabilizing addgivsuch as
ultraviolet absorbers and hindered amine light ibtaios
(HALS) [10].

With the beginning of twentieth century the usevafnish by
the artists came to decline. The invention of neatamals
linked to the Industrial Revolution leaded to newiséic
manners where the materials play an important oolethe
work of art meaning. The restoration procedure tmapay
attention not to change the optical appearancédisftype of
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works of art, that in general appear matte forabhsence of the
varnish. As to this, the choice of consolidants adétesives
used for their treatments is very important. Thpaeticular
regards are required not only for the conservatibmodern
and contemporary works of art, but also for pictuoa paper
and wall, paintings made of tempera and waterceslour

Into this question we thought about changing theicap
properties of a material already used in the coagien field
as adhesive and consolidant, the poly 2-ethyl-2zobae
(Aquazol 208), by the addiction of Ti@nanoparticles in the
polymeric matrix. The introduction of the nanopa#s in the
polymer leaded to films characterized by a raisiogghness
and bulk scattering with the increasing of nanapiag
concentration in the polymeric matrix, even if theneserved
high optical transparency. The surface and oppoaperties of
these nanocomposite films compared to the prigbolgmer
are described in chapter 5. Chapter 6 reportsgpgcation of
these films on painted models realized accordintp¢éamodern
manner of painting. In order to understand the piged by
the bulk scattering, nanocomposite films filled WiSIO,,
characterized by a low refractive index, were fedtied and
compared to those ones charged with,TiChapter 7 describes
a small studio involved on these films in ordenvaify their
stability on time and the mechanism of degradatdnthe
material, paying attention to the fact that a gystéhat
depolymerise, becoming weaker, is better than tesyshat
cross-links, becoming stronger. The artificial @agiof these
films were leaded in a weather-ometer equipped aitharc
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xenon lamp in collaboration with the National Gajlef Art at
Washington DC.
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Chapter 2
Literature Review

This review is written with purpose to obtain geer
understanding of the preparation and propertiepabymeric
nanocomposites. We start with an overview of nangumsites
recent manufacturing approaches, followed by a mggenon
nanoparticles properties. General comprehensigheo$urface
chemistry, modification of Ti@and its applications is to be
summarized in the third section. Finally, propestad TiO,-
polymer nanocomposites are discussed.

2.1 Nanocomposites Synthesis

Generally, three ways have been applied to disperse
nanopowders in polymers. The first is direct miximg
blending of the polymer and the nanopowder as elisghases
(known as melt mixing). The second is the mixtufetiee
nanoparticles dispersion with the polymer in solut{(known

as solvent casting). The third is the dispersion toé
nanopowder in the monomer followed by in situ
polymerization of the polymeric nanocomposite. Allese
manufacturing approaches are summarized in Figdre 2

25



Particle dispersions in

a) Polymer melt b) Polymer solution ¢) Monomer

U Extrudation U Solvent evaporation U Polymerization

o _/

Composites

Figure 2.1. Schematic image of the threpproaches for the fabrication
nanocomposites [1].

2.1.1 Melt Compounding

Melt mixing is the fastest method for introducingew
nanocomposites from thermoplastic polynemarket since
can take full advantage of wddlilt polymer processin
equipments including extrudersr injectors. For exampl
nanoscale silica or CaGOfilled Nylon composites ha
successfully been produced loging high velocity ox-fuel
(HVOF) combustion spray procelss.

Hong and coworkers also reported that nZn® and lov-
density polyethylene (PE) were melt compouma higt-shear
mixer to prepare nanocomposites with an increasehe
resistance to thermal degradation, [8]hile Zhao et al. [4
prepared by extrusion polypropylene (RBmposites in whic
ZnO nanoparticles modified with an orgarsilane agent wer
good dispersed.
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Although being successful in many cases, melt ngixirethod
has several drawbacks. First, this process onlydbuup
relatively weak interaction force between the payrand the
nanopowder. Nanopowders have a very strong tendémcy
aggregate and even if the surface modification ppliad,
breaking aggregates during melt processing is dfiéficult.
Second, for some polymers, this processing methay be
limited due to rapid increase of the viscosity witle addition
of a few volume fractions of nanopowder.

2.1.2 Film Casting

Another approach for the preparation of nanocontesss the
dispersion of nanoparticles in the polymer solutiorhe
mixture may be cast in containers, or coated orstsafes.
Films or sheets are obtained by evaporation oftieent.

The major requirement in order to get homogeneoatemals

is the good solubility of polymer and dispersapilif the
nanoparticles in the solvent. It is possible to wasierent
solvent to disperse nanoparticles and dissolvedtiygmer, but
they have to be compatible. Due to its simplicibe tfilm
casting method is widely used mainly for the prapan of
films of about 1-100um in thickness. They are prepared by
spin coating or casting through a blade.

Since the polymer synthesis can be separated from
nanoparticles synthesis and the nanocomposite ctelan,
from simpler to more complex polymer architectucas be
used. For example, Sooklal used this approach & t
manufacturing of CdS/dendrimer nanocomposites ] ae
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obtained well dispersed Tipoly 2-ethyl-2-oxazoline
nanocomposites.

2.1.3 In situ polymerization

Another method is the graft polymerization, where
nanopowders are dispersed in the monomer, andetdting
mixture is polymerized by standard polymerizatiogtinods.
Since the viscosity of monomer is quite low and the
polymerization process can last some days, while th
nanoparticles sedimentation can proceed quite twidcke
main challenge of this approach is to obtain staldpersions
of nanoparticles in the monomer. In order to geérothis
drawback, nanoparticles surface has to be modifiexder to
reduce the interfacial tension between the nanigpestand the
monomer, that would induce the formation of aggrega

Three types of modification are reported in litarat

The first approach (calledd-polymerizatioh consist in the
absorption of amphiphilic molecules, such as longis acids,
alcohols or amines, on the particles surface. Tiréastant
molecules interact with the surface by ionic atioas,
hydrogen or coordinative bonding building a sort of
hydrophobic shell that avoid the nanopatrticles eggtion. The
surfactant molecules do not participate directly tme
polymerization but permit a good dispersion of the
nanoparticles in the monomer and, in a second stefhe
polymer. Avella et al. have used CaG@articles covered by
stearic acid for in situ polymerization of the PMMA
nanocomposite [6].
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This is the approach used in our projecthe fabrication o
TiO,-PMMA  sheets, in which nanoparticles  w
functionalized with some amphiphilic moleculin order to
disperse them in MMA. The dispersion stability wesified
for a month because the bulk polymerization of tiaterial
lasts several days.

Figure 2.2 shows schematically the principle o$ @gdproacl

™
Monomer | ¢
2 | —— 42,
o ;; E Inititator ry

Figure 2.2. Ad-polymerizationat the surface of inorgani
nanoparticles by surfactant adsorption [1].

The other two approaches are relative to graft

polymerization. One approach iggrafting td, in which

polymer chains modified with anchoring grougse used to
bind to the particle surfacAs result, the polymer is grafted

the inorganic surface.

The third approach is calledyfafting froni, whicl involves
the grafting of an initiatoror a monomeric groujonto the
nanopowder surface to forpolymer chains from the surfa

Different type of the grafting agents can lead to diffetgpes
of polymerization: anionic, cationic or free radg&
polymerization. Moreover, irthe last decadesin order to
achieve most appropriate polymer grafting den
polydispersity, composition and microstructunew strategie
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of free living radical polymerizatiorhas beendeveloped.
Figure 2.3 summarized the two “grafting” approac

$

O A "grafting to”

Inorganic Building
\ IN
AN

Block

Polymenzahon Individual Inorganic-Organic
“grafting from" Core-Shell Particles

A: Anchoring Group
IN: Initiating Group

Figure 2.3.Two approaches of graft polymerization [7]

2.1.4 In situ particle generation

In the approaches described until now, nanopastiele ar
isolated system to rdisperse in a second step in a solver
monomer. Nevertheless, novel methods allow the-step
synthesis of nanocomposite materials in which
nanoparticles ar@n situ generatedn presence of the polym
or the monomer. We talk about the called “reverse
microemulsions”-

Reverse microemulsions consist of nanometric agu
droplets dispersed in an oil phase by the presehsarfactan
molecules. The formation ofanoparticles is achieved in t
ways.

In the singlemicroemulsion approach, one microemulsiot
prepared and subsequently a precursioreactant is adde
diffusing through the phase oil to the micelles taoning a
reactant [8]. Fernandez-Garcia et al.by addition ol
titanium(lV) isopropoxide to an inversenulsion containing ¢
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aqueous phase (50 mL) dispersednimeptane (85/10 v/
versus HO), using Triton X-100as surfactant and-hexanol
(105400 v/v versus surfactant) as cosurfa(, obtained
anatase nanocrystals [9].

The second route is the muttiicroemulsion that consists

the mixing of two or more separately prepared naoralsions
characterized by the same water/surfactant/oib.rafter the
mixing, the particle formationazurs by intermicellar exchan:
of reactants. Microemulsions characterized by tke af the
monomer as oil phase were also prepared. In tlsg the
direct polymerization of the system can be perfoas Figure
2.4 shows [10].

Si(OEY, >{ )LCN

NE™ “—n

Microemulsion In situ Generation Composite
Figure 2.4. In-situ generation of SiO, nanoparticle in reverse
microemulsion for the manufacture of PMMA nanocosifes

Other possibilities are the use of amphiphilic Blcopolymer
as nandemplates for the controlled synthesis of inorg:
nanoparticles thank® their ability to shape spheri or rod-
like micelles [11], and the sadel hydrolysis and condensati
of a precursor such astraethyloxysilane (TEOS), tetrabu
titanate, aluminum ispropoxide starting from a preform
functional organic polymer such as polyvinglcohol [12,
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polymethylmethacrylate [13], polyamides [14] andvesal
other polymers.

2.2 Nanopowder Properties

Nanopowders are the three dimensional relativeliranial
nanosized objects at a level intermediate between
atom/molecule and bulk. Although nanopowders invayv
metals (Au, Pt, Pd, Cu, etc.), semiconductors (L5, CdSe,
etc.), metal oxides (S AI.Os, TiO,, Zr0,, FeOs, etc.) are
everywhere in nature, they grow into micro-powdens
macroscopic materials instantaneously and then lbs&
specific features. Therefore, how to produce a pawder
with controlled size and degree of aggregation ke issue
which attracts many efforts. Recently, significambgress in
the diversity of preparative methods has been m&ted
reviews in this area have been presented elsewhetbe
literature, which involve gas-phase synthesis ofopawders
(flame hydrolysis, gas condensation, chemical vapor
condensation, pyrolysis, laser ablation, etc.) gilbg Kammler

et al [15], Kruis et al. [16], Hahn [17], and SwihfL8]; liquid-
phase synthesis (co-precipitation, sol-gel proogssmicro-
emulsion, hydrothermal and solvothermal processing,
templated synthesis, non-aqueous route, etc.) lv&et al.
[19], Trindade et al. [20], Murray et al. [21], Quisg et al.
[22], Niederberger et al. [23]; and grinding meth¢24].

In general, when grinding processes are employmuteaiable
agglomeration and contamination by material abrdd®d the
grinding body must be expected. Very small parsi¢tiameter

32



<50 nm) are usually only obtainable to a limitedy@e. For
technical processes, grinding methods are extremmglgrtant,
as they allow even large quantities of substandeetobtained
inexpensively. Gas-phase methods are typically eyepl as
continuous processes that provide crystalline nartigtes
with largely uncoated surfaces. However, owing e high
temperature synthesis (above 500 °C), such appesactay
result in the formation of hard aggregates thatdaffecult to

separate into primary particles. Since gas-phaaetiomns are
usually subject to thermodynamic control, the puaighun of

compounds that are metastable under synthesis tmorgdiis
only possible to a limited degree. In liquid-phasatheses,
particle size and agglomeration behavior can uguak

controlled effectively. The reactive surfaces candaturated
and functionalized with organic molecules as sizdis
immediately after nucleation. With the aid of ssthbilizers, it
is possible to control the shape of nanopartighesmitting a
wide variety ranging from simple spheres throughtideilar

and rod shape forms to nanoparticle tetrahedragahedra,
cubes, or stellate shapes. However, the use ofrhighcular
weight organic stabilizers can be a disadvantaghey have
undesired effects on the properties and functiohsthe

nanoparticles after completion of the synthesis. &ample,
the quantum yield of luminescent nanoparticlesherdatalytic
activity of nanoparticles can be reduced considgrdiy

unsuitable surface functionalization. It is possibd burn out
organic stabilizers, but this requires temperatatasve 500°C
and usually results in the formation of agglomesatehich
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either may still be separable into primary parscle

appropriate force is applied, or may not be physiceparable
at all.

The primary driver for this growing synthetic inget is the
effect of powder size on properties. For exampie, aptical
absorption spectrum of gold (Au) changes with tize sf the
Au nanoparticles. The electroluminescence of semdigotors
is also size-dependent. Generally, nanopowdersoti@xhibit

classical bulk properties, while on the other hahney also
differ from the molecules or atoms. In this sectia& discuss
some typical physicochemical characteristics ofopamvders,
with emphasis on size-dependent phenomena.

2.2.1 High Surface-to-Volume (S/V) Ratio

One of the main characteristic of nanoparticleghis high
surface area. Goesmann et al. [25] illustrated intpis
concept using a sugar cube with edges 1 cm inHeniou
divide the cube, step by step, into cubes with sdgeim in
length, the sum of the volumes remains the samde \ileir
total area surfaces increases dramatically. Figuse shows
this example:
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10 nm

Edge length Number Volume Surface area
of cubes of cubes of cubes of cubes

1cm 1 1cm?® 0.0006 m?
1 mm 10° 1cm? 0.006 m?
1 pm 1012 1cm? 6m’

1 nm 102 1cm? 8000 m?

Figure 2.5.Surface area of NPs: a simple model

Compared to a thredimensional solid (“bulk”), the
physicochemical properties are strongly influendad the
surface. In addition, the surface atoms enemically more
active compared to the bulk atoms because theyllydwave
fewer adjacent coordinate atomsd unsaturated sites or m
dangling bonds [26]The increasing number of weakly bot
surface atoms is directly reflected in changes e
physicochemical properties, such as the meltingntj
depression.

2.2.2 Depressed Melting Temperaturg)(T

Melting is one important type of phase transforovai widely
studied in thermodynamics. In quite a large quantity
materials ranging from metals s&miconductors to insulatol
a decrease in M has been observed with decrea
nanopowder size. Firsbbservations were made for tin

Takagi and Wronski in the 1950s and 1960s22](-A sample
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of the magnitude of the effect was presertgdsoldstein et ¢
for experiments performed on CdS nanopowdFigure 2.6
shows a melting point lowering of over 50f4r sufficiently
small sized CdS nanopowders [29]
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Figure 2.6.Melting temperature vs size for CdS nanopowreproduction
of Figure 2.2 in the ref. [29]

Apart from the lowering of melting pointhe imperfection o
the particle surfacenduces additional electronic states in
band gap, which act as electron or hole trap centr high
densities of surface defects, a decrease in thenoix
transition energy and a rethifted emission band can

observed due to defect band formaticAs the size of th
materials decreases, the surfacerdhime ratio increases ai
the surface effects become more apparent and thesser tc
explore. These are surfadependent properties, but there
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also properties size-dependent, as the modificatbrthe
materials’ electronic structure (“quantum effects”)

2.2.3 Discrete Electronic Structure

For small powders, the electronic energy levels aot
continuous as in bulk materials but are discretee tb the
confinement of the electron wavefunction becausethsf
physical dimensions of the powders. As a resulctebnic,
magnetic, optical properties of a nanopowder becamuze
dependent. In electric conductivity, an importaaingresult
from wide investigations of metallic nanopowdersvafious
sizes by photoelectron spectroscopic measuremémtigs the
metal particle size decreases, the core-level Ingneinergy of
metals such as Ag, Hg, Au, Ni, Cu increases dramaidyi[30].
This increase is a manifestation of the size induwmnductive-
nonconductive transition phenomena in nano-metals.
Rademann et al. showed that Hg, the same elene&mybs as
either a metal or a nonmetal, depending on itsigkarsize
[31]. Among several techniques of investigating esiz
dependent optical properties, optical absorptiorecsp
generally exhibit peak at the threshold which sigised to the
creation of the excitons. The position and shapengty
dependent on the particle size have been observedany
nanopowder systems. Figure 2.7 shows the absorpfieatra
for a series of CdSe nanopatrticles of differenesiB2].
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Figure 2.7.The bulk conduction and valence bands for semicciadsi are
assumed to be parabolic in the simple effectivesnagproximation. Enerc
diagrams (E versus lghow the complexity of the valence band for
example of CdSe, important in assigning NC eledtratates. The finit
size of the NC quantizes the allowed k values. Basing the NC diamet
shifts the first state to larger values of k andréases he separation
between statesa) This is seen spectroscopically as a blue shifthim
absorption edge and a larger separation betweetrai& transitions for
homologous size series of CdSe NC dispersionsatelil at R.

=¥

Magnetic properties of napowders of transition metals st
as Ni, Co and metal oxides such as,(=ealso show
remarkable changes with size. We know that in @reometris

domain, the coercivity (k) of the particles tends to ze
Hence, the nanopowder behawsssuperparamagn with no

associated H The blocking temperature that marks onset
of this superparamagnetism also rises with the pander
size. Moreover, themagnetic moment per atom is seen
increase with the decreasing size of a powder [33].
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2.2.4 High Reactivity

Due to a large fraction of surface atoms and adrigurface
area, a nanopowder would be expected to be moreeact
Furthermore, the qualitative change in the eledtrstructure
arising due to quantum confinement in tiny nanopensdlso
bestow unusual catalytic properties on these posydetally
different from those of the bulk. The ability ofpgported or
non-supported metal nanopowders such as Ni, ClARtPd
as catalysts and metal oxides such a$, S, and ALO3 as
catalyst supports has been investigated. Raorevahled that
the significant dependence of the reaction of efealed, with
Ag was on the patrticle size of Ag. The smaller Agvpers
were more capable to dissociate @olecules to atomic
oxygen O, unlike oxygen ion predominantly adsorbedthe
bulk Ag. They also reported that unlike bulk Ni, am
nanopowders exhibit less dependence in their datagtivity
on ambient temperature as they interacted witts Hnd
different sizes of nanopowders show different terajpee
profiles [34].

One study of Valden et al. showed another sigmfiexample
that Au nanopowders supported on a JiSurface have a
marked size effect on their catalytic ability foOCQxidation
reaction; Au nanopowders in the range of 3.5nm laklihe
maximum chemical reactivity [35].
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2.3 Titanium-dioxide

2.3.1 General Remarks

Titanium dioxide adopts at least 8 structures. @esiits foul
polymorphs found in naturg@.e. rutile, anatase, brookite, T,
(B)), additional high-pressure forms have besymthesized
TiO; (I) with the a-PbG; structure, TiQ (H) with hollandite,
baddelleyite with Zr@ Cotunnite with PdGI[Banfield, 2001].
Among them, rutile and anatase are mostignufactured i
chemical industry as microcrystalline materials.eThwo
polymorphs are based on interconnectedsTo@tahedra, bt
their linkages and degree of edge and fabaring diffe
(Figure 2.8) Anatase can be regarded to be -up from
octahedrals that are connecteyl their vertices; in rutile, th
edges are connected [36].

Rutile d:.s_==|.9tl9;4 Anagtase dﬁ_uﬁ‘ﬁﬁﬂ'a
L. L1
a3 =1.980R dif =1.9808
e 0=4.5934 I A Q 0=3.7844
98(, Ye) ¢=2,9594 i £=9.5154
or
S <
Eg=3.4ev Eg=3.3ev
P =4.250g/em P =3.894 g/em®
AGS =-212.6kcal/mole O AGY =-211.4 wcol /mole

Figure 2.8.Lattice structure of rutile and anatase ZiReproduction of re!
[36].

Thermodynamic calculations show that rutile is niast stable
phase at all temperaturasd pressures below 60 kbar, wl
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TiO, (Il) becomes the favorable phase. Reverse phabditst
is described by particle size experiments due ze sifect on
surface energy. Anatase is most stable at sizegHas 11 nm,
brookite at sizes 11-35 nm, rutile at sizes gretitan 35 nm
[37].

2.3.2 Applications of Ti©

Titanium dioxide was first industrially introducdd replace
toxic lead oxides as a white paint pigment in 1800’
Nowadays, the annual world consumption of J&3ceeds 4.4
million tons [38]. It is used in as a white pigmeantpaints,
plastics, paper and cosmetic products which reptetiee
major end-use sectors of TiOThe consumption of Ti©
increased in the last few years in a number of mera-use
sectors such as a photocatalyst, photovoltaicssirsggnand
electrochromics as well as photochromics.

2.3.2.1 White Pigment

TiO, has recently become the most used white pigmeamikih
to its stability, its relatively low and uniform sdwption of
visible light and its UV absorption. Half of all @3 pigment
produced is consumed in decorative and architdcpagnts
widely serving to house buildings, wood or furnguimdustrial
coating, and automobile finishes. Bi®& non-toxic, safe, and
corrosion protective and can be dispersed easilyrebVer it
filters the UV radiation protecting the paint fromhrect
photochemical degradation of organic binder and ingakt
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ideally suited for the paint industry [39]. In tbaper industry,
TiO, is used in conjunction with clay, CagOand other
pigments to impart lightness at the paper pulp amédditive
of white ink correction fluid. In cosmetics Ti@s used as sun-
screener and in the toothpaste.

2.3.2.2 Photocatalysis

TiO, photocatalysis has its origins in early reseaf@brteinto
photoelectrochemical systems for solar to chemgeatrgy
conversion. A major landmark in the study of Fujsh and
Honda in 1972 found that Ti¥Ocould be used as catalytic
electrode in photoelectrolysis cell to decomposéewmto H
and Q, without the application of an external voltagé®][4
After a few years that it was realized, Fujishimanlda micro-
cells, consisting Ti@particles with deposit of Pt on them, was
also able to work as photocatalysis for splittingdH

Since that moment, much attention was paid to fieeadl TiQ
for photo-assisted degradation of organic compouadd
oxidation/reduction of inorganic compound.

TiO, nanomaterials have electronic band gaps larger 3@
eV and by the adsorption of energies equal or higjen 3.0
eV, electrons are excited from the valence bandth®
conduction band. So some excited electrons are hm t
conduction band and some positive holes are invience
band. These charges can recombine radioactivelyham-
radioactively, or they can get trapped and reath wiectrons
donors and acceptors adsorbed on the surface.esh# s the
complete or selective decomposition of organic Eseor the
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transformation of inorganic molecules into theiridized
and/or reduced states. Szczepankiewicz et al. texpaihe
following mechanism [41]:

TiO, +hv - e +h” 1)
e +Ti(IV)-OH - Ti(lll) =OH™(X) 2
h* +Ti(IV)-OH - Ti(IV) =O'H"(Y) (3)

L1 5 1

h +EO latlice — Zoz(g)+vacancy 4)

e +0,, - O, 5)
H"+0,,  HO,; (6)
h* +Ti(lll) -OH~ - Ti(IV)-OH (7)
e +Ti(IV)-O'H" - Ti(lv)-OH (8)

O,s +Ti(IV)=OH™(Y) - Ti(IV) ~OH + O, (9)

Reaction 1 is the photons absorption and the pleotmgtion
of a couple eh’ that diffuse on the surface. Reactions 2-3-4
are the redox pathways: the reduction of Ti(IV)Tidlll) by
interaction with the electron, and the formationbound OH
radicals and O vacancies by oxidation of the latiixygen
leaded by the holes. Reactions 7-8-9 representigication
channels. The reverse of reaction 4 generates Qorada
intermediates upon exposing defective surfaces’toRRectron
paramagnetic resonance (EPR) measurements confitima¢d
electrons are trapped as two Ti(lll) centers, wthie holes are
trapped as oxygen-centered radicals covalently einko
surface titanium atoms (Figure 2.9).
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Trapped Charges Detection By

Conduction Band — IR absorption

Shallow

. I
Traps EPR active Ti

b) a)

Vﬂg?ﬁe /{-13/ / ﬁé/ EPR active O

Figure 2.9. Scheme of UMnduced charge separation in “,. Electrons
from the valence band can either be trapped (ajdgctstateswhich are
located close to the conduction band (shalltaps), or (b) in th
conduction band, where they produce absorgtiathe IR region. Electro
paramagnetic resonance spectroscdgyects both electrons in shall
traps, Tt", and hole centers, §42].

The species X and Y are chemically active and reattt
adsorbed organicmolecules, inducing their complete
selective decomposition, or transforming inorgamiclecules
into their oxidized and/or reduced states.

From this point of view, th@hotocatalytic activity i largely
controlled by (i) the light absorption properties.g. light
absorption spectrum and coefficient, (ii) reductia@nc
oxidation rates on the surface by the electronkauid, (iii) and
the electron-hole recombination @atA large surfac area with
a constant surface density of adsorbents leaflsster surfac
photocatalytic reaction rates. In this sense, larger the
specific surface area, the higher the photocat activity is.
On the other hand, the surface is a defective thiegefore, the
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larger the surface area, the faster the recombimatihe higher
the crystallinity, the fewer the bulk defects, ahd higher the
photocatalytic activity is. High temperature treatrh usually

improves the crystallinity of Ti@ nanomaterials, but can

induce the aggregation of small nanopatrticles aatehise the
surface area. As conclusion, the relation betvileen

physical properties and the photocatalytic acegeitiis
complicated. Optimal conditions are sought by tgkthese
considerations into account and may vary from tasase.
Some applications are:

i) Selective organic synthesis, for example, thiectirity of
the epoxidation of 1-decene is improved by usingerg43];
selective oxidation of alcohol catalyzed by ligletieated TiQ
yields very high carbonyl compounds such as ketomes
aldehydes [44].

i) Non-selective destruction of organic and inangawaste
materials under normal temperature and pressureh) si$
waste water purification [45], pollutant air cleagi[46].

i) Photokilling of pathogenic organisms (virusesacteria,
algae, protozoa and cancer cells), for instancéfuaroral
activity in the experiment of subcutaneous injettad a TiIQ
in rats under near- UV illumination [47].

iv) Use of self-cleaning or antifogging materialsnging from
self-cleaning facades (e.g. the preservation ofeabhanarble
Greek status against environmental damage [48])
antifogging films on car windshields [49]. In tHisld, Feng et

to

al. found that reversible superhydrophilicity and

superhydrophobicity could be switched back anchftwt TiO,
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nanorod films. When the TiOnanorod films were irradiated
with UV light, the photogenerated hole reacted wdiltice
oxygen to form surface oxygen vacancies. Water ouids
kinetically coordinated to these oxygen vacanceesd the
spherical water droplet filled the grooves along tlranorods
and spread out on the film with a contact anglaldut 0°,
resulting in superhydrophilic T¥Dfilms. After the hydroxy
group adsorption, the surface transformed intorergetically
metastable state. When the films were placed inddr&, the
adsorbed hydroxy groups were gradually replaced by
atmospheric oxygen, and the surface evolved backtsto
original state. The surface wettability convertedont
superhydrophilic to superhydrophobic [50].

2.3.2.3 Gas Sensor

TiO, nanomaterials have also been used as sensorarfouy
gases and humidity due to the electrical or optmralperties
which change upon adsorption. So far, FJi©®commonly used
as an oxygen gas sensor, e.g. to evaluate the ctiwribu
process of fuel in car engines for controlling faehsumption
and environmental pollution [51].

2.3.2.4 Other application by Tiulk modification

Many applications of TiQnanomaterials are closely related to
its optical properties. However, the highly effitieise of TiQ
nanomaterials is sometimes prevented by its widel gap.
The band gap of bulk TiJies in the UV regime (3.0 eV for
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the rutile phase and 3.2 eV for the anatase phasgegh is
only a small fraction of the sun’s energy (<10%)u$, one of
the goals for improvement of the performance of ;TiO
nanomaterials is to increase their optical actiayythe onset
of the response from the UV to the visible regidhere are
several ways to achieve this goal.

First, doping TiQ nanomaterials with other elements can
narrow the electronic properties and, thus, alker optical
properties of TiQ nanomaterials. Second, sensitizing FiO
with other colorful inorganic or organic compoundan
improve its optical activity in the visible lighegion. Third,
coupling collective oscillations of the electrons ithe
conduction band of metal nanopatrticle surfaceh¢sé in the
conduction band of Ti® nanomaterials in metal-T{O
nanocomposites can improve the performance. Intiaddihe
modification of the TiQ nanomaterials surface with other
semiconductors can alter the charge-transfer piieper
between TiQ and the surrounding environment, thus
improving the performance of TpO nanomaterials-based
devices.

One of the most important research areas for futlean
energy applications is to look for efficient masdsi for the
production of electricity and/or hydrogen. When stred
with organic dyes or inorganic narrow band gap
semiconductors, Ti©can absorb light into the visible light
region and convert solar energy into electricalrgnéor solar
cell applications. For example, an overall solar ctoarent
conversion efficiency of 10.6% has been reachethbygroup
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led by Gétzel with DSSC technology [52]. Another
application of TiQ nanomaterials when sensitized with dyes or
metal nanoparticles is to build photochromic dewi{g3]. In
fact a blue coloration of the material caused leyrdduction of
Ti(IV) to Ti(lll) has been observed in literaturg].

The role of TiQ as support of many metals or metal oxides in
heterogeneous catalysis have also been studied.fadmaus
example of these systems is thaiOy supported on Ti@in
which the catalytic properties of many hydrocarbooms
selective catalytic reduction of nitric oxides &rghly superior
than those of unsupporteg®s [55].

2.4 TiO,-Polymer Nanocomposites

Titanium dioxide is a widely applied filler to mampplymers,
such as — for example - polyvinylchloride (PVC))ystyrene
(PS), polyolefines. The successful of Fi&mposites is due to
the possibility to improve the physical and mechahi
properties of the material induced by the preseotdhe
inorganic phase, without loss of ease processight Wweight,
and often ductile nature of the pristine polymenmaditionally,
the polymeric composites were reinforced with nmesized
TiO,. Recently, processing techniques have been dezcltap
allow the introduction of nano-size TiOnanoparticles.
Experiments have shown that it contributes to #tei€ation of
renewed materials with improved thermo-mechanical,
morphologic, electrical and optical properties, and
correspondingly extended applications. In thisisacseveral
studies are reported.
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2.4.1 Thermo-mechanical Properties

TiO, has relatively high elasticity modulus, which che
exploited to obtain the mechanical gain of the pudyic
nanocomposites. Chiang et al., for example, peradran series
of tests on the mechanical properties (elastic rusdu
elongation, strength, yield stress, thermal stigbilind glass
temperature Jj of TiOx-polyimide (PI) nanocomposites with
various contents of inorganic phase and three réifte Pl
systems. They found that the TiManoparticles enhanced
mechanical properties of the Pl matrix. For alethiseries of
systems the elastic modulus increased with the, Tiéhtent.
The reverse effect was found to elongation coeffitiAlso the
transition glass temperature g{Tincreased with the Ti©
content, obtaining stiffer materials than the jpmsstpolymers.
There was also a marked lowering of the coefficarthermal
expansion (CTE) in hybrids with small amount ofanit
because Ti@not only had lower CTE values but also served as
cross-link points resulting in a decrease in thgnsmtal
mobility of the PI chain [56]. From this point ofew, the large
surface area of the nanoparticles can significartfiect
morphology of polymer in the nanocomposites, by the
enhancement or restriction of chain mobility ndse particle
surface.

2.4.2 Electrical Properties

With a high dielectric constant in bulk and sizeeledent
discrete electric properties, TiOnanoparticles can be
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introduced into a polymer matrix to prepare nanguosites
for electrical applications. Chiang et al. pointedgt that the
surface and volume resistivity of Ti®I| hybrids decreased
with the titania content. This electrical propecgn be tailored
to other non-conductive or low-conductivity polyrseand
applied in the coating industry [56].

Liu et al. studied that Ti@polyethylene oxide (PEO)
nanocomposites increased the ionic conductivityiofin the
lithium-ion battery. A maximum value of ionic coraivity
was obtained at 10% of TiOnanoparticles leading to a
conductivity of 7 x 10 S/cm, which was over an order of
magnitude higher than that of the electrolytes aathTiO,,
also higher than that of microsized-TiGilled electrolytes
[57].

2.4.3 Optical Properties

Since TiQ absorb UV light up to the proximity of the visible
wavelengths and is transparent in the region of viséble
range can be use to obtain transparent UV filtersluding
transparent coatings for UV-sensitive materials.

In fact, for many applications, a decisive advaata§ nano-
size patrticles is their markedly reduced light Ibgsscattering,
which varies with the particle diameter (and otparameters).
In order to estimate the intensity loss of lightgiag through a
nanocomposite by scattering, Rayleigh equatiorsesi y58]:
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which is valid for spherical particles with radiuand whereg,
ande, are the relative electric permeability of the naartiples
and the polymer is the intensity of the transmiti light and §
of the incident lightf, the volume fraction of the particleA
the wavelength of light, and the optical path lengt As an
example, the transmittance as a function of thégbaradius
calculated by the Rayleigh equation is showFRigure 2.1 for
L=100 um (typical thicknss of freestanding nanocompos
films), f,=0.1, A=500 nm, p=1.5 (typical refractive index ¢
polymers), and ¥2.7 (refractive index of rutile).
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Figure 2.10. Transmittance of composites of 1@@n thickness, volum
fraction of the particles of 0.kefractive index of the matrix of 1.5 and
the particles of 2.7 at a wavelength of 500 maculated withRayleigh
equation [59].
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This example shows that even substantially fi
nanocompositeswith large refractive index differenc
between polymer and particlegan be virtually fully
transparent if the particles are very small, inadheve examp

of approximately 5 nm diameter (r Z5 nm) or less, whil
composites with larger particles appear opadge.the othe
hand, if i, and R are equal, the equatiandicates that the
composites are completely transparent regardledsegfarticle
diameters.

Nussbaumer et al. prepared transparent »-poly(vinyl

alcohol) (PVAL) films of thicknesses between 40 &tdmm
and TiQ contents between 2 and 35% w/w [60EM image

revealed that the TiOparticlesof radius about 2.5 nrwere
randomly dispersed in the polymer matrixJV-visible

absorption spectra disclosed that the samples ladsgdigh in

the UV region, while absorption in the viebwavelengtt
region was pronounced only above about 25% of/ TiO-.
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Figure 2.11. Optical absorption spectra of poly(vinyl alcol-TiO2
nanocomposites with the following Tj@ontents (in % w/w): (a) 30.8, (
23.0, (c) 11.0, (d) 6.9, and (e) 0.0 (pristine pody).
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Another properties of titanium dioxide is the higéfractive
index (about 2.61 for rutile and 2.49 for anatage)act, the
possibility to tune the refractive index of orgapiclymers by
incorporation of inorganic nanoparticles is impattafor

example, in the area of lenses, wave guides, giedsscence,
holographic memories, and reflectors or antireftectiayers.
Chang et al., for example, by filing a Pl polymeith TiO,

from approximately 8% to 36% v/v, increased the enat

refractive index from 1.69 to 1.82 [61].

Finally, titanium dioxide nanoparticles show revieles

photochromism linked to the oxidation state ofriiten ions.
In fact Ti(lll) ions absorb in the visible leadirggbluish color
of the material. As consequence, if the irradiatcdna TiO,

nanocomposite with artificial light sources inducelse

reduction of Ti(IV) in Ti(lll), the material becomielue until

oxidizing agents (in general atmospheric oxygerijde® again
Ti(lll) to Ti(IV). From this point of view, the resrsibility rate
of this phenomenon is linked to the oxygen perniggluf the

polymer. Nussbaumer et al. showed, for examplég,ttieablue
color of nanocomposite Tipoly(vinyl alcohol) (PVAL),

irradiated by UV light for 12 hours, persisted foeeks under
environmental conditions; i.e., PVAL obviously steted the
Ti(lll) centers [62]. It appears, therefore, thdtetPVAL

retarded or even prevented the contact of atmompher
oxidizing agents with the TiOparticles, perhaps as a result of

the limited permeability of oxygen in the polymég].
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Chapter 3

Surface Modification of Titanium
Dioxide by Phosphonic Acid derivates

3.1 Introduction

The development of polymer loaded with opportune

nanoparticles in order to obtain materials withexgad optical
properties such as tailored absorption/emissionpgaties,
high/room refractive index, non-linear optical beioa has
received great interest from the scientific worldr fthe
expected potentialities of these materials. Inipaldr, it was
point out that these materials had to be charaetrby high
transparency in the visible range for applicatians the
optoelectronic and in the industry of coating [L,@ne of the
most excellent host is the poly-methylmethacryl@&MA)
for the high optical clarity and know physical aodemical
properties [3 - 5], while several metal oxides@iZrO, TiQ,
CdS, etc.) are good candidates in order to tuneptigmer
optical properties without changing its appeardbte
Titanium dioxide is a well-known multi-functionaletal oxide
characterized by a strong UV absorption and hidghacgve
index. These two features represent interestingpguties in
order to obtain highly refractive materials chagsized by an
inner UV filter. On the other hand, some drawbagkserged.
The first one is the titanium dioxide photo-catalyactivity
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induced by the absorption of the UV light in oxytgepresence
[7, 8]. The second drawback is linked to the misinabf

refractive indices between the titanium dioxideoiffir 2.49 to
2.61 according to the crystalline phase) and thkynperic

matrix, whose refractive index is generally aroun8. This
mismatch is tolerable when the particle size is msmaller
than the wavelength of the incident light (2r1£10), then the
material became haze for the scattering of thébedight. In

fact, also a small percentage of aggregates lahger 100 nm
can cause the material loss of transparency, dtleetéact that
the light scattering intensity is proportional fo ®ther factors
such as the material thickness and the concemntratfibllers in

the polymeric matrix play also an important role¢he amount
of the scattered light but the dependence is lifi@¢jarOn the
other hand, the formation of aggregates or clustefs
crystallites is very likely to occur because of oparticles high
surface energy. This is the reason because a &itesftion was
pointed out on the Tigsurface modification in order to reduce
its photo-activity, to alter its hydrophilic chatacand improve
its dispersibility in organic media. There have rbemany
patents and papers issued for Fi@odifying methods, which
can be divided into four groups. i) Modification lmhemi-

sorption of small molecules in which coordinatidrydrogen
bond formation, or proton transfer occurs. ii) Maxdition by

coupling agents involving covalent bond formatiostvieen
the adsorbed species and hydroxyl groups presentiOp

surface. iii) Modification by the adsorption of goiers, called
also grafting to technique. iv) Modification by
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functionalization of the inorganic surface withtiating group,
such as the monomers, called aisafting fromtechnique.

Not only the method, but also the selection of greper
surfactant and the way in which it is anchored loa metal
oxide surface are very important for the nanopiagic
stabilization in the media. For example, thiols aseellent
stabilizer for gold and silver [10]; amines are dowapping
agent for Pd and Pt [11]; metal oxides have beedifrad
successfully with silanes and acidic surfactantsbaxylic
acids and phosphonic acids (PAs) are the most[d2ed 3].

In this work we report the surface modification thfree
different types of titanium dioxide: a commerciatile from
Aldrich, an anatase synthesized by non-aqueou®,rand a
commercial mixture of anatase and rutile (AeroX®®5’ from
Degussa), with two types of phosphonic acids, ataraed by
an aliphatic and aromatic tail. The aim was to usidad the
role played by the different titania surfaces [&#d the PAs
tails on the binding modes of phosphonic acidhiésubstrate.
The temperature of the synthesis was also considéfée
chose the phosphonic acids because of the recahoacity
to form a monolayer on the metal oxides surface-18h
compared to the silanes that tend to be crossdirte the
surface via condensation of the terminals hydrogrgups,
forming uncontrolled multilayers. Furthermore, phblosnic
acids are known to bind to metal oxide surfacesenstrongly
than carboxilic acids [17]. The type of anchoringsastudied
by FTIR and®P Solid State NMR, while the degree of
coverage was calculate using thermogravimetry (T@GAY
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phosphorous elemental analysis. The stability ef rtiodified
titanium dioxide nanoparticles in an organic mediahis case
the monomer methylmethacrylate (MMA), was verifieg

Dynamic Light Scattering (DLS) measurements.

3.2 Experimental
3.2.1 Materials

Three different type of titanium dioxide nanopddsc were
modified on the surface: TiQutile (Aldrich), characterized by
a declared surface area of 130-198gnAeroxid€ TiO, P25
(Evonik), mixture of rutile and anatase with a agd area of
50 nf/g and anatase, synthesized according to the Niectger
et al. [18] recipe. Rutile and P25 were purchasethb relative
suppliers and used without other treatments, whie
description of the anatase synthesis is reportéderchapter 4.
Phenylphosphonic Acid (98% Aldrich) and 1-Octylpplognic
Acid (99%, Alfa Aesar) were chosen as modifying rageand
used without further purification. Solvents andestichemical
reagents are also obtained as analytical gradeised without
other treatments.

3.2.2 TiQ surface modification
3.2.2.1 High Temperature Synthesis (HT)

A dispersion of 200 mg of Ti&in 20 ml of deionized kD was
treated in ultrasonic conditions for 15 min (350pé&iver) with
a Sonics Vibracell (Sonics Materials). The colldidespersion
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was added dropwise to 100 ml of 1:3 water:ethaohit®n
containing 2.5 fold excess of phosphonic acid nstato the
moles for a full surface coverage of the metal exidhe
reaction mixture was then heated to 373 K for 72nider
magnetic stirring. The titania nanoparticles weodlected by
centrifugation and washed 3 times with ethanol.afynthe
powder was dried at 313 K under vacuum overnight.

3.2.2.2 Room Temperature Synthesis (RT).

A dispersion of 200 mg of TiOin 20 ml of water was treated
in ultrasonic conditions for 15 min (350 W powendaadded
dropwise to 100 ml of 3:1 methanol:water mixtureteaning
2.5 fold excess of phosphonic acid relative to rtiides for a
full surface coverage of the metal oxide and leftdact for 72
h at room temperature under magnetic stirring. Titenia
nanoparticles were collected by centrifugation avashed 3
times with ethanol. Finally the powder was dried3a8 K
under vacuum overnight.

3.2.3 Characterization Techniques

Nitrogen adsorption-desorption isotherms were nreasuat
liquid nitrogen temperature using an ASAP 2010 yrel
(Micrometrics). The titanium dioxide powders wenggassed
for 12 h at 473 K. Nanoparticles surface areas waleulated
using the Brunauer, Emmet, and Teller model (BETdaho
[19]. Pore-size distributions were evaluated foinimng the
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method developed by Barret, Joyner, and Halendd (Bddel)
[20].

The TiG, powders XRD patterns were checked using a D8
Advance powder diffractometer (Bruker), with GuK
radiation {=1.5418A) and secondary-beam monochromator,
while their morphologies and sizes were verified by
Transmission Electron Microscopy (TEM). TEM imagesre
recorded on a Jem 1011 microscope (JEOL) operatiridO
kV. TEM samples were prepared by leaving 1-2 dropthe
nanoparticles dispersions in water onto lacey aarbopper
grid.

Attenuated Total Reflection (ATR) Fourier Transfomfrared
(FTIR) spectra of nanoparticles powders were resat room
temperature from 4000 e 600 ¢rwith a spectral resolution of

4 cm’* on a FTIR Spectrum 100 spectrometer (Perkin Elmer,
USA). Each spectrum was averaged on 32 scans vAtbri/s
speed.

Thermogravimetry was carried out with TA Q500 amaly
(TA Instruments) by heating the samples powdersifroom
temperature to 1073 K at 10 K/min in air.

The sizes of the nanopatrticles clusters in Methitaerylate
(MMA) and water were determined by Dynamic Light
Scattering (DLS) using a 90Plus instrument (Broekima
Instrumental Company) at 298 K equipped with a
monochromatic light source working at 659 nm witlC&D
detector at 90°. Samples were prepared by dispedasia0 mg

of nanopatrticles in 10 ml of solvent. Before theasw@ements,
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ultrasonication for 3 min (350 W power) of the colloi
solutions was performed.

31p solidstate NMR spectra were obtained with an Avance
spectrometer (Bruker), using magic angle spinniMA$)
(spinning rate 8 kHz), W3 excitation pulse and 15 s
recycling delay (single pulse technique). Chemgfafts are
referenced against ;AO; (85% in water). The peal
deconvolutions were performed by MestReC softw

3.3 Results and Discussion

3.3.1 Characterization of pristine Tj@anoparticle

In Figure 3.1 the powders XRD patterns and theesponding
TEM images are reported.

(101)A

Intensity (a.u.)

10

Figure 3.1. XRD images of titanium dioxide nanoparticles: a)5P2a
mixture of anatase and rutile crystalline phaseartgtase; c) rutile. On tl
right the corresponding TEM images are reported.
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Powders XRD patterns confirm the data publishelitenature
for the anatase synthesized by non-aqueous ro8te 4fd in
the technical datasheets for the commercial praeduct
Particles sizes were calculated with the Scheoendla from
the (101) peak for anatase (peak “A” in Figure Bdrad (110)
peak for rutile (peak “R” in Figure 3.1a) in powd®RD
patterns. In table 1 these data are reported W&BET results
and, only for anatase and P25, with the crystallgnees
calculated by BET measurements. Particles size8Hly were
calculated using the folrooming formula: Surface#®(BET) =
6000/p (ing/m*) D (in nm)], where p and D are the
nanoparticles density and the diameter. Given ¢éoféltt this
equation works only for the spherical nanoparticiess not
used for rutile particles that are lengthen, as TiEge shows
(Figure 3.1c). The hydrodynamic diameters of narntapes in
water are also reported. DLS results show thattygées of
titanium dioxide aggregates in water in strangepsba but
while anatase and rutile clustes are quite sma8, ptecipitates
in water within few days. These information are good
agreement with the particles aggregates observetEly. In
Table 3.1 a summary of these information is repbrte

From these results, anatase and rutile were chasegood
candidates to load the polymeric matrix in orderotatain
transparent nanocomposites because of the smallodizhe
nanoparticles (see table 1), P25 was investigatemparison
with other powders because it has been well cheriaetl in
literature, although in general for its photocdialyactivity
[21].
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Table 3.1.Surface areas and particulate sizes calculatedEly &d XRD
data for the different types of Tianoparticles. The diameter of the TiO
clusters in water as measured by DLS is also regort

BET

XRD DLS
Products erface Particles  Particles siZ&¢  Hydrodynamic
(mZ?S) size (nmj (nm) diameter (nm)
P25 50 34 24 (A)-31 n.me
(Degussa) (R)
Anatase 250 6.2 5.6 40 [20]
Rutile
(Aldrich) 210 - 12 115 [40]

& Particles size measured by BET data.

®Particle size calculated with the Scherrer fornfuben the (101) peak for
anatase and (110) peak for rutile by the powder XRierns.

““n.m.” means “not measured” by DLS because theiglast precipitates in
few minutes.

4The numbers in the square brackets representahdastd deviation.

In Figure 3.2, the IR spectra of the titanium daoxi
nanoparticles are reported.

The rutile IR spectrum reveals signals relativest@) species
at around 1035 cthand 929 cr, indicating that the surface is
partially coated with silicon dioxide. This proceassused by
titanium dioxide suppliers in order to reduce thartiples’
catalytic activity.
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3500 3000 2500 2000 1500 1000

Wavenumber (cm ')

Figure 3.2. FT-IR spectra of a) P25 titanium dioxi
nanoparticles; b) anatase obtained by aqueous route; ¢
rutile (Aldrich).

Then, in the region relative to the stretching émehding
modes of the C-H species (3000-2850"camd 148-1350 cm
! respectively) are visible some peaks that are tinke
aliphatic organic r&iduals on the particles surface. Pe
relative to the other type of organic species @enTiC, surface
are also visible in the IR anatase spectrum. They less
intense than those ones of the rutile spectra pigldzecaust
of the intense band relative to theHDmoiety, but they ar
probably linked to some residuals of the anatas¢hsgis. Ir
fact, literature reports that the nanoparticlesawi®d by no-
agueous route are characterized by an importantuaimof
organic residuals on the nanopartictesface, probably benz
alcohol (see signal at 1500 ¢nfinked to the aromatic -H
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moiety), while P25 IR spectrum does not show amyanic
species.

Stretching and bending modes of the O-H groupliatia3380
cm* and 1628 cm respectively) present in all spectra are
attributed to the water physically absorbed on titenium
dioxide surface by inter-molecular interections.lyOanatase
spectrum shows a more intense band at around 3t@%5 c
probably linked to acid O-H moiety bonded covalgmh the
surface.

TGA measurements of untreated particulates reveaéral
weight losses for rutile and anatase powders, WPl weight
loss is unimportant (about 1.6 %), as Figure 3.8wsh The
weight loss within 393 K is due to physically abised
moisture [22]; this is the reason because the tzlon of the
total weight loss is performed from 393 K. Betwe&93 K and
873 K we observe four weight losses at 459 K, 506K/ K,
and 648 K for rutile particulate with a total weidgbss of about
6% due to the chemically bounded water (surfacegddtips)
and organic residuals. Anatase TGA curve showsr atlegyht
losses at 428 K, 533 K and 693 K with a total weiglss of
about 15% due to the expulsion of the organic tedglof the
nanoparticles synthesis (for example benzyl algohatd the
condensation of the O-H groups on the surface ooifg IR
spectrum (see Figure 3.3c) and the information ntedoin
literature [18].
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Figure 3.3. TGA curves of a) P25 Tifhanopatrticles; b) rutile (Aldrich); «
anatase obtained by non-aqueous route.

3.3.2 Characterization of Titanium Dioxide Surf:
Modification with Phosphonic Acids

Titanium dioxide has been functionalized with twwopphonic
acids characterized by a quitong aliphatic chain and
aromatic ring in order to study the role played the
substituent in the surface coverage and, as coesequin the
stability of the nanoparticles dispersions in oiganedia, sucl
as the monomer MMA. Functionalizing agerused are -
octylphosphonic acid (OPA) and phenyl phosphoniad
(PPA). The choice of the PAs family as modifying agent
due to the good anchorage of thg”B; group to the surface «
titania with the possibility of setting up thregoégg of covaler
bonds and the formation of a monolay&.and solid stat®'P
NMR assess the type of surface grafting obtaineterms of
monodentate, bidentate and tridentat@rdmation [2:-25].
Several different methods of surface modificatioa @eportec
for titania, however it is possible to define twoaim
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approaches: high temperature [26] and room temerat
treatment in hydroalcoholic mixtures [27].

3.3.2.1 FT-IR Results.

In Figure 3.4 the spectra of the different typestitdnium
dioxide nanoparticles modified by the alkyl phospisoacid
(OPA@rutile, OPA@anatase and OPA@P25) togethertivith
spectrum of the free acid are depicted.

The presence of stretching and bending modes ofrfisléty,
respectively in the region between 2960-2850*@nd 1500-
1400 cnt, shows the integrity of the aliphatic chain in et
samples. The disappearance of the peaks relatdeQeH
vibrations of free phosphonic acids (between 278082cni*
and around 950 ¢t and of the P=0 group (~1258 djrin the
spectra of functionalized TiOparticles is an indication of a
strong interaction between the head of phosphocitsaand
the metal oxides surfaces. In particular, accordingthe
literature [28], the complete absence of P=0 vibral mode
and the appearance of a broad band at around 193(29)] is

a strong hint that the bond between phosphonic acdl the
titania surface is tridentate. This is evident itet
OPA@anatase and OPA@P25 spectra in which it islpeds
see the total disappearance of the P=O mode at @#%&nd
the appearance of a broad band at 1042 and 1063 cm
respectively. On the other hand, OPA@rutile spectshhow a
weak band in the P=0 region, while the absorptiands of
SiO, at about 1036 cih hides additional evidence for the
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chemical bonding between the phosphonic group la@dititile
surface.

No differences appears between the IR spectraeosdmple:
synthesized at room and high temperature.

3500 3000 2500 2000 1500 1000

Wavenumber (em')
Figure 3.4. FTIR spectra of: a) OPA@P25, b) OP.anatase, c¢)
OPA@rutile d) OPA. They are the spectra of the samples sgiztéd ir
condition of room temperature. No evident differem@ppear between t
IR spectra obtained in different condition of temgtere.

In the spectrum of modified titanium dioxide with
phenylphosphonic acid (see Figure 3.5), the dismppee o
the peaks related to PH¥@-ibrations of free phosphonic ac
at 2658-2131 crh and around 935 cfhand of the P=0O grou
points to the coordination @l the phosphoryl oxygens. TI
samples PPA@anatase and PPA@P25 show a new brog
at about 1010 cth and 1063 cil respectively, as alreac
observed in the spectra of the particulates matiifieth tre
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aliphatic acid, attributed in literature to a tmdate
coordination in the case of alumina and zirconidases. Alsc
in this case, the sample PPA@rutile spectrum shthe
persistence of a very weak signal for the P=0 gnooipts tc
the partially coordination othe phosphoryl oxygens. TI
presence of the peak at 1142 tnelated to P-Gomai Moiety
and CH vibrational modes of the aromatic ring around 4
cm* indicate that the tail of the organic molecule ieservec
in all cases [30]. Also irthis case, there are not import
differences between the spectra of the samplesinaltan
condition of high and room temperature. From thosnp of
view, 3P Solid State NMR is more sensitive for studying
modes in which the phosphonic acids iatgrwith the titaniun
dioxides surfaces.

3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.5. FTIR spectra of: a) PPA@P25, b) PPanatase, c)
PPA@rutile d) PPA. They are the spectra of the samples sgizidd ir
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condition of room temperature. No evident diffeem@ppear between the
IR spectra obtained in different condition of temgtere.

3.3.2.2 Surface coverage.

The comparison between the weight losses of funalimed
and pristine TiQ particles, measured by TGA, alrooms to
determine roughly the amount of modifying agenaaited to
the surface and the degree of surface coverageordiog to
the literature, the weight loss observed up to B93 due to
the water (or any solvent) physically absorbed de t
nanoparticles surface, while losses from 393 K18 & are
effectively due to the detaching of chemically bdeh species
to the surface and the condensation of hydroxylignoresent
on the surface (sintering). Assuming that all plhaspc acids
are chemisorbed as a single layer on the titaniuoxiae
surfaces the amount of chemisorbed species péhambeen
calculated subtracting the weight loss of the presTiO, from
the weight loss of the treated samples over 393THKis
computation of the percentage of surface coverage deen
performed by the folrooming assumptions: 1) wholgecoule
detaches from the surface during the heating; @)silrface
area occupied by every phosphonic acid is 0.24 j@n23].
Because of a lot of assumptions, this calculatsoweiry rough,
but the comparison with the results of the phosph®r
elemental analysis permits to make some prevismmghe
anchorage strength of the phosphonic acids headthen
titanium dioxide surface. All data are summarizethble 3.2.
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Table 3.2.Mass loss calculated as difference between thghtiédsses of
functionalized nanoparticles and the pristine nantigles, measured by
TGA. Phosphorous in percentage measured by elehremmidysis. In each
case, the calculation of the surface coveragericepgage is revealed.

TGA Elemental analysis
Sample

Mass Loss (%) Cozﬁ,zgage %P Coggz;age

OPA@P25 EI ig ;3 8}32 2‘3
OPA@anatase: :jl gg i gég ;§
OPA@rutile EI §_‘§ 185 ?éi 235
PPA@P25 1 o 7 om
PPA@anatase: EI Si 121 ::21 175
PPA@rutile EI ;_'j 277 gjéé 2?)0

The most relevant information is obtained in thesecaf
anatase nanoparticles. While the surface coveragmemptages
calculated starting by TGA are very small for ahwples (up
to about 11%), the same information obtained bysphorous
elemental analysis show that over about 47% ofeaeaturface
is covered by phophonic acid molecula. This disaney can
be attributed to the substitution of the organgideals present
on the anatase nanoparticles surface (see thedbeaimetry
trace in Figure 3.3) with the functionalizing agentess
important differences between the data calculatadirsg from
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TGA and elemental analysis are emerged insteallercases
of rutile and P25 nanoparticles. On the other ghe,amount
of organic residuals on their surfaces is less maoo than in
the case of anatase. Different result is that ivglato P25
nanoparticles. In fact, in this case, TGA measuregmend
phosphorous elemental analysis can be compareddeonsg

that only the phosphonic acids tails detach frora #25
surface during the TGA thermal program. More unjutedle

is the rutile behavior, probably linked also to fhet that the
surface is partially coated by silicon dioxide féwct, according
to Mutin et al. [31], phosphonic acids do not biedSIO; in

aqueous conditions. This behavior has been asctibeithe
sensitivity of the Si-O-P bonds to hydrolysis. Frams point
of view, the assumption that the whole rutile scefarea is
available for the bonding is very rough and thecwialted
surface coverage is underestimated.

3.3.2.3*'P Magic Angle Spinning NMR.

31p chemical shift is quite sensitive to the variabd number
of chemical bonds occurring on the phosphonic grang
permits to elucidate the nature of bonding betwdke
phosphonic acids and the titania surface. FiguBe53shows
the comparison between the spectra of the bulk gitaosc
acids: OPA and PPA, and the surface bound PAs (OPZ&®
and PPA@P25). In this case the spectra of the coomhe
titania P25 modified at room temperature are regbrOPA
and PPA are two crystalline solids characterizedabgharp
signal at 37.1 and 22.3 respectively (see Figusa and 3.6c).
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The spectra of the oxide modified with PAs (Fig@téb and
3.6d) appear quite broadened and signals are &hiite
compared to those of unbounded acids. The enlamgevhehe
line width and chemical shifts arise from a digitibn of
binding sites and modes of the phosphonic acidggan the
TiO, surface. Even if the peaks attribution is still ahu
debated, the signals are linked to the differemtdrey modes
(monodentate, bidentate, tridentate) of phosphaaids to the
particles surface.

In particular®*P MAS spectrum of OPA@P25 shows a quite
sharp signal centered at 28.9 ppm and very broadwarak
signals at around 33.6 and 36.8 ppm. The main sgs®ENis
ascribed to bidentate specie. This attributionaighated by the
fact that 'H-*P HETCOR NMR spectrum of the same
commercial titanium dioxide modified with a long ath
alkylphosphonic acid showed the presence of proeQH
[32]. Also the *P MAS NMR spectrum of PPA@P25 is
characterized by more signals: one more intenseoaind 13.6
ppm and one weaker at around 19.4 ppm. The maik gea
13.6 ppm is attributed by the literature to thedntate mode.
In fact, 'O MAS NMR research on a PPA-titania hybrid
revealed a majority of the bond P-O-Ti with fewidesl of
P=0 and P-OH oxygens [33]. The different behavietneen
the alkyl phosphonic acid and the phenylphosphaaid might
be related to the higher acidity of the second dite other
low field resonances arise from phosphonate spewids
different binding modes or in a distorted geometry.
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60 50 40 30 20 10 0 -0 -20

Figure 3.6.%'P MAS NMR spectra of P25 modified with octylphosphx
acid and phenylphosphonic acid at room temperafrdree OPA, b
OPA@P25, c) free PPA and d) PPA@P25.

In Figure 3.7 a schematic representation of theriate (or
the left) and tridentate (on the right) binding rasdby
coordination and condensation of a PA on the mexalle
surface is depicted.
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Figure 3.7.Schematic representation of tfmation of the bidentate (¢
the left) and tridentate (on the right) binding @ps by coordination ar
condensation of a phosphonic acid to a metal ogidéace. The image
excerpted from [33].

As conclusion, we have seen that the functionalizagent
acidity may play an important role in the bindingoche
between the PAs and the titanium dioxide surface.

In Figure 3.8, the comparison among tff® MAS NMR
spectra of the three different types of titaniuroxaie (P25
anatase and rutile) modifiedith octylphosphonic acid i
showed.All reactions were performed in room temperal
condition.
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Figure 3.8.%'P MAS NMR spectra of the different types of titamigioxide
modified with octylphosphonic acid at room temperata) OPA@P25, t
OPA@anatase and c) OPA@rutile.

Even though each spectrum may be convoluted withe
peaks, showing three maxima at arol8@8, 22.7 and 28.
ppm, very different is the peaks width line and theaks
intensity that is quantitative, sincBP NMR spectra wer
acquired with recycle delays five times. The peak at abol
28.9 ppm in the P25 spectrum is sharp and much mtense
than other resonances, indicating that the P25asairis quite
homogeneous and the bidentate binding mode preddesimor
the others (Figure 3.9a). Anatase and rutile sgyaad instea
much more broadened and other important peaks sée
occurs aprt from that at 28.9 ppm, indicating the preseoic
other binding modes or distorted geometry. Thisiltemight
be attributed to the heterogeneity of the anataxe ratile
surface. In particular, anatase is partially coabgd some
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organic reaction reésual, such as benzyl alcohol, tt— even
though it seems to be substituted by PAs duringehetion—
its presence might modify the approach of the fionetlizing
agent to the metal oxide surface. On the other hamile
surface is partially coated with SiCthat does not bind wit
phosphonic acids, as we have already said. Thigtsh
might, for example, promotes the formation of thenwdentate
specie or distorted arrangements.

As conclusion, an important role is also playedh®/chemica
properties of metal oxide surface.

The last variable is the temperature of reactioiterature
pointed out that under aggressive conditions (lpgh high
temperatures, long reaction times) some dissolufdhe TiC,
matrix can occur, folroomed by theprecipitation of mets
phosphonate (see Figure 3.9).

. metal oxide ‘{ i

/N

R metal phosphonate
1 |
P
PN \
d ‘o ono” 60

Figure 3.9. Schematic representation of the competition betwder
surface modification and dissolutigmecipitation process in the reacti
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between a metal oxide surface and a phosphonic. adié image is
excerpted from [34].

Figure 3.10 showd'P MAS NMR spectra of P25, anatase .
rutile nanoparticles modified with octylphosphoawd at higk
temperature conditions (100°C for 72 hours).

289

60 S0 40 30 20 10 0 -0 -20

& (ppm)
Figure 3.10.*P MAS NMR spectra of the different types of titami
dioxide modified with octylphosphonic acid at higgmperature conditior
a) OPA@P25, b) OPA@anatase and c) OPA@rutile.

Apart from the broad signal at room fieflP MAS spectrun
of rutile nanopartigdls modified by octylphosphonic acid
high temperature conditions (OPA@rutile) displaysasrow
peak at about(:-6 (Figure 3.10c). This signal is attributed t
bulk titanium phosphonate as it is quite closethtovalue- 4
ppm, reported for the layed phase of titaniut
phenylphosphonate [35]. In this case, the taillisng aliphatic
chain and, as consequence, we not expected thatiomof a
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layered phase, but the formation of a bulk phosptephase
has been reported in literature with octadecylphos acid
as functionalizing agent [26]. The fact itself tliaere is no
evidence of titanium phosphonate in tHe MAS spectra of
OPA@rutile obtained at room temperature conditiffrigure
3.10c) confirms that aggressive conditions lead do
modification of the metal oxide surface. On theeothand, P25
and anatase spectra (Figure 3.10a and 3.10b) noiv sh
important differences compared to those obtainedoam
temperature. The high field peak not appears iir gpectra,
but the intensity ratio among the room field reswes: 36.8,
33.7 and 28.9 ppm are changed. In particular, aaapectrum
has the signal at 33.7 ppm more intense, whilaerthim peak at
28.9 ppm of the P25 spectrum is broader. Probabljye case
of these particles more aggressive condition ageired for
the formation of the metal phosphonate phase. hicpéar,
Gao et al. [26] revealed that the reaction betwaeR25 and
the octadecylphosphonic acid may take at leastekweorder
to detect the signal of the bulk alkylphosphonatethie **P
MAS NMR spectrum.

3.3.3 Colloidal Stability

The stability of the modified particles in methylinacrylate
(MMA) is studied by DLS. Colloidal dispersions greepared
by ultrasonication and measured after 3 days anda3@ in
order to check the stability of nanoparticles ie thonomer.
Table 3 shows that the titania modified with phgpiybsphonic
acid (PPA@TIQ), independently by the type of the surfacd
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the conditions of the reaction, precipitates imraggy in

MMA, despite the hydrophobic character of the artienang.

On the other hand, octylphosphonic acid seems ta geod

functionalizing agent to obtain titanium dioxidenogarticles
stable in MMA.. In particular anatase and P25 medifat room
temperature appear very stable in MMA. Surprisin§i25

clusters in MMA vary the size from several hundreafs
nanometers in water to about 90 nm in MMA. The leuti
nanoparticles modified by OPA (OPA@rutile) appeaite

stable in MMA but after 30 days the major part isgipitated

on the bottom of the flask. Table 3.3 summarize tiadise

results.

Table 3.3.Hydrodynamic diameter of nanoparticles colloid$viMA after
3 days and 30 days from the preparation. Measurenhas been performed
by DLS.

Reaction Hydrodynamic diameter [nm]
Sample
Temp.
3 Days 30 Days
RT 90 [40] 70 [30]
OPA@P25 HT 90 [40] 70 [30]
RT 100 [40] 80 [30]
OPA@anatase HT 460 [160] 180 [80]
. RT 250 [100] 200 [60]
OPAQ@rutile HT 280 [100] 110 [40]
RT n.m¥ n.m*
PPA@P25 HT n.mé& n.m&
RT 500 [250] n.nf.
PPA@anatase - n.mé- n.m¥
_ RT n.m¥ n.m&
PPA@rutile HT n.m& n.m#
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" The numbers in the square brackets represent thedad
deviation;
& “n.m.” is used to signify that nanoparticles ace dispersible.

3.4 Summary

The surface modification of titanium dioxide nandjdes in
anatase, rutile and a mixture of the two phases, by
octylphosphonic acid and phenylphosphonic acid Wwath
performed at room and high temperature. FTIR #RIMAS
NMR have alroomed to understand the nature theooidb
established between titania and the modifying ageirt
particular, the defects and heterogeneities ofntla¢al oxide
surface, the acidity of the functionalizing agemd &he reaction
conditions played an important role on the fornmatiof
different binding modes by coordination or conddiosa of
phosphonic acids to the metal oxide surface. Albe t
formation of distorted geometries was used to empthe
presence of the broadened® MAS NMR signals.
Thermogravimetry and phosphorous elemental analysis
permitted to calculate the surface coverage up 4% Tor
anatase nanoparticles. In order to test the effmotiss of the
titania surface modification, different dispersiamfghe treated
nanoparticles in MMA have been prepared. DLS measants

of these colloidal solutions have alroomed to werihe
stability of these nanoparticles in MMA in order poepare
TiO,-PMMA nanocomposite. In all cases, independentlyhey
type of the surface and the reaction conditions,
phenylphosphonic acid has been not a good modifgment
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for the stabilization of the metal oxides in MMAnGhe other
hand, well dispersed nanopatrticles clusters of 890+100 nm
in MMA has been obtained through the functional@atof

P25 and anatase by octylphosphonic acid at roorpdsature.
P25 nanoparticles were also stable in MMA after rincation

with OPA at high temperature conditions.
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Chapter 4

Fabrication and Characterization of
transparent TiO,/PMMA
nanocomposite sheets with Tunable
Optical Properties

4.1 Introduction

Polymeric nanocomposites, namely polymer matrices
containing nanometric particles, nowadays are axiety
studied for the improved properties compared to pioee
polymer [1]. The presence of a nanometric fillen @nhance
mechanical properties [2] thermal stability [3],dagas barrier
properties [4]. In the last few years nanocompesiégth
optimized optical properties have also been desdriblhe
research has been focused mainly on the followinglsy
luminescence [5], change (increase) of the refraagiidex [6],
UV absorption [7]. In these cases, the nanocomgasiist be
as transparent as possible to light in visible earMyhen a
composite is constituted by a polymer matrix andaofillers
with different refractive index, light is scatteredusing haze
and low transparency depending on nanoparticlessipdly
properties such as dimensions and refractive index.
particular, Rayleigh scattering applies when pkbasicsize is
smaller with respect to wavelengths of light [8].rhost of the
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published papers, the authors try to completelyicavbe
scattering of visible light, since they are maiimyerested in
having transparent materials in that region, buthwhigh
refractive index or UV or IR absorption. For thisason,
starting from Rayleigh’s Law, nanoparticles withamhieters
less than 50 nm are required (for spherical pagiér <A/10).
However, in many applications a controlled scattgiof light
is beneficial; for example anoptical diffuser spreads the
incident light from sources over a wide angle tevent light
sources from being seen directly by viewers. Optidffusers
are used in lighting bodies, luminaries, illumirtatgigns,
covers for automotive lights and decoration shiggtsAnother
important application are liquid crystal displaysyhere
diffusing elements (plate and sheet) are used foform
brightness.

Two distinct types of diffusers are recognized, ebmsurface-
relief and volumetric type. Surface-relief diffusemainly
depend on microstructures on the surface to sdajter such
as microlenses [10,11], pyramids [12], rough swf§t3,14]
and other microstructures. Volumetric diffusers mhadepend
on transparent micro beads or fillers uniformlyatsxd inside
the material [15]. The need of efficient diffusbecomes more
relevant with the progressive replacement of cotiveal light
bulbs with solid state light sources (LEDs) whiale anore
efficient in terms of electricity to light conveosi [16]. In fact,
considering indoor illumination based on LED lunries,
critical issues are still present due to the diomatlity of light
produced by the LED chip. Different approacheslmamised to
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overcome this limitation, the most popular is toildbu
luminaries constituted by arrays of LEDs separdtgdenses
and mirrors or, more recently, to use suitableudifig panels
in which the LEDs are embedded. Such diffusers rbay
prepared by incorporation of micrometric fillerstiansparent
polymer matrix, but an optimal balance between tligh
transmission and scattering is difficult to reaéh.possible
alternative is to use polymer nanocomposites coimgi
particles with diameters comprised between 50 nih 200
nm; in this case Rayleigh approximation appliesthis case,
for a given spectral distribution, the amount cditsered light
depends only on size distribution, volume conceiatnaand
refractive index of the nanopatrticles. Diffusershwtailored
properties can be synthesized according to thé diplication.
One of the most appreciated polymers in the lightmdustry
is PMMA due to its transparency and good chemicad a
physical properties. Metal oxides, such as;J&hO, and ZrQ
are excellent candidates as diffusers because ef thgh
refractive index, so that a limited amount of filis needed.
Since these oxides are hydrophilic, they tend tgregate in
hydrophobic environment, such as organic solvermsl a
monomers, so that the modification of their surfaise
necessary. In this work, we studied some graftiggné in
order to obtain stable titania colloids that canused for the
preparation of nanocomposites.

Bulk polymerization is the only synthetic methodigfhleads
to PMMA with excellent opticaproperties. It is a widely used
industrial process, thus giving this method a vetyong
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potential in large scale production. Especially tioick sheets
(2-2 cm), polymerization can last a fedays [17]. In order to
prepare these materials, stable dispersions chcirhodified
titania in MMA, precursor of the polymer, are reui.
Another approach for preparing nanocompositesasctsting
from solvent,a pocess that consists in the dissolution of an
already formed polymer in a suitable solvent anbssquent
dispersion of nanopatrticles in the solution, fipdbllowed by
evaporation of the solvent. In order to take adagetof this
possibility we studied the stability of functiorsdd
nanoparticles also in some solvents.

4.2 Experimental

4.2.1 Materials

Titanium(IV) oxide: rutile (CAS: 1317-80-2, Produlsdumber
Aldrich 637262), surface area 130-196/gn average diameter
less than 100 nm.

Modifying agents: 1-Hexylamine ¢ 98.0%, Fluka), 1-
Octylamine (99%, Aldrich) and Propionic Acid (99%,
Aldrich), Octanoic Acid ¥ 99.0%, Sigma) were used without
further purification. Solvents and other chemiocashgents are
also obtained as analytical grade and used witliodher
purification.

Reagents for the fabrication of nanocomposites:ntib@omer
MMA (99%, Aldrich), the first initiator 2,2Azobis(2-
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methylpropionitrile) (98%, Aldrich) and the secomndtiator
benzoyl peroxide (Fluka).

4.2.2 Functionalization of Tinanoparticles

4.2.2.1 Surface modificatiowith carboxylic acid or alkyl
amine.

1 g of TiG, in powder was directly added in excess amount of
acid or amine (20 ml). After stirring for 24 h abom
temperature, the formed precipitate was collected b
centrifugation and washed 3 times with ethyl aeet&inally
the powder was dried at 313 K under mechanical wacu
overnight.

4.2.2.2 Surface modificatiowith carboxylic acid and alkyl
amine.

500 mg of TiQ obtained according to the previous recipe was
dispersed in 30 ml of methanol. Excess amount aharor
acid (10 ml) is added to the colloidal solution ®fO,
nanoparticles previously modified with acid or amin
respectively. After stirring for 1 h at room temaiere, the
formed precipitate is collected by centrifugatiomdavashed
three times with ethyl acetate. Finally the powdedried at
313 K under mechanical vacuum overnight.

4.2.3 Fabrication of Nanocomposite

The preparation of PMMA sheets was performed byk bul
polymerization using the industrial cell castingpgess. The
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polymerization is conducted in two steps. First thenomer
and a small amount of the first initiator reactibeaker at 353
K where a prepolymerization took place up to moncsne
boiling temperature is reached (363 K). At thatnpoihe
prepolymer, called syrup, is quenched until the nroo
temperature. Usually, in the prepolymerization steply a
modest monomer conversion values into the polynrer a
obtained (15-20%).

In the second step, the syrup is mixed with a dspe of
titanium dioxide nanoparticles in MMA (about 10%weight
of the syrup) and a second initiator dissolved tn Tihe
obtained viscous liquid is degassed by mechanaelivm and
introduced into the casting mold where the polyaation
reaction proceeds until most of the remaining mogons
consumed. The polymerization of the material comdi
between the glass plates is carried out by he4888 K) the
mold while the glass plates are clamped togethiee. amps
contain springs in order to accommodate the shgalkat the
polymer sheet during the polymerization processially, the
heating is provided by a bath of warm water in whize mold
is inserted. Then, it is cured in an oven at 393CKll cast
polymerization is the only synthetic method whigads to
PMMA with excellent opticalproperties (about 92-93% of
transmittance in the visible range). Especially thick sheets
(2-2 cm), polymerization can last fewlays (3 for the
polymerization and 1 for the curing); from this poof view it
is important that the dispersion of titania would stable in
MMA.
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4.2.4 Preparation of Colloidal Solutions

The colloidal solutionsvere prepared by ultrasonication for 5
minutes (21s pulse, 7s pause, 350 W) of tita@ium dioxide
powder in the monomer or in the solve@olloids were stored for
3 days in order to promote the complete wettind,[48d the
separation of larger aggregates was performed ghrou
centrifugation at 6000 rpm for 1 minute. Dilutionsf
dispersions were prepared in order to characténea by UV-
Visible spectroscopy and Dynamic Light Scattering.

4.2.5 Characterization Tecniques

X-ray diffraction measurement was performed in orte
examine the Ti@nanoparticle crystal structure. Powder X-ray
diffraction pattern was obtained using a Bruker Advance
powder diffractometer, equipped with CwK radiation
(A=1.5418A) and secondary-beam monochromator. Nitroge
adsorption-desorption isotherms were measured aiidli
nitrogen temperature using an ASAP 2010 analyzer
(Micrometrics). The samples were outgassed for 424v3 K.
Nanoparticles’ surface area was calculated usiad@tiunauer,
Emmet, and Teller (BET model) [19]. Pore-size disttions
were evaluated following the method developed byrd&ia
Joyner, and Halenda (BJH model). Nanoparticle’ sl
morphology were studied using transmission electron
microscopy (TEM, JEOL JEM-1011) operated at 200 kV.
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TiO, surface modification was studied with Attenuateatal
Reflection (ATR) Fourier Transform Infrared (FTIRhd**C
MAS NMR. ATR-FTIR spectra were recorded at room
temperature from 4000 e 600 ¢rwith a spectral resolution of
4 cm’* on a FTIR Spectrum 100 spectrometer (Perkin Elmer,
USA). Each spectrum was averaged on 32 scans vAtbr/s
speed’*C MAS NMR spectra were recorded on a Avance 300
spectrometer (Bruker) (spinning rate 8 kHz) usingrass-
polarization sequence with RAMP and TPPM decouplthg
contact time was 8 ms and a recycling delay of Was used,
10000 scans were acquired. Thermogravimetry measunts
were carried out with a TA Q500 analyzer (TA Instents) in
order to calculate the degree of surface coverélge.samples
were heated to 1073 K at 10 K/min in air.

The size of the particles in dispersions was detexdh by
Dynamic Light Scattering (DLS) using a 90Plus instent
(Brookhaven Instrumental Company) at 298 K equippid a
monochromatic light source working at 659 nm witlC&D
detector at 90°. Transmission measurements of idallo
solution at different concentrations were perfornadroom
temperature, using a Cary 50 UV-visible spectropimater.
Collimates light from Tungsten Halogen sources @Q00,
Ocean Optics) was used to evaluate transmissigrepies of
PMMA/TIO, samples. The ransmitted radiation was then
collected by an integrating sphere and analyzed ay
spectrometer@cean OpticsUSB 2000 UV-VIS)
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4.3 Results and Discussions

43.1 Characterization of Pristine Rutile
Nanoparticles

Powder XRD pattern of Sigma’s titanium dioxicenfirms thai
it was rutile with a surface area calculated by REP1C m?/g.
The (110) peak coesponds to a particle size of abou nm
by Scherrer formula using 0.89 as shape fadtwen if this
calculation is not accurate, the result is in acgegreemer
with the information showed by TEM image reported-igure
4.1. In fact, TEM image shows lengtheanoparticles of abo
6 nm width and 12 nm length, aggregated in clustets a
hydrodynamic diameter over 100 nm.

This data was confirmed by Dynamic Light Scatter
according to the colloids’ size in water is meaduabout 11°
nm.

The IR analysis of Ti@rutile reveals the presence 0,0
adsorbed on the surface. Minor signals, relate@-H species,
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are also present, probably organic residues ofsthetic
process. Moreover, a peak at 1100 crelative to the Si-O
vibrational mode appears indicating that the narapes’
surface is partially coated with silicon dioxidehig operation
is in general loaded in order to reduce the catabgtivity of
titanium dioxide.

The TGA analysis of untreated particulate reveasesal
weight losses: below 393 K is the loss of the wategysically
absorbed on the sanepl20], while between 393 K and 873 K
we observe four losses at temperatures 459 K, 5067K K,
and 648 K, associated to chemically bounded waterfgce
OH groups) and organics. Thermal treatment at 47/8rk24
hours and at 573 K for 3 hours caused the disappearof the
signals related to organic species in the IR spetestimated
to be about 0.7% w/w using TGA. On the other hdddS
measurements showed an increase of 16% of theclparti
average diameter.

Due to the large surface area of nanoparticles,irttexface
energy is an important contribution for the staaiion of
colloids. From this point of view, in order to nmmize the
interface energy between nanoparticles and orgamatrix
(monomer such as MMA or solvents), some surface
functionalizations have been tried. In this worle fecused on
some amines and carboxylic acids
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4.3.2 Chemical Characterization dRutile Surface
Modification

TiO, surface has several acid sites, which could bereitbwis
acid sites (T1") or Brgnsted acid sites (Ti-QHso we havi
tried to exploit this diverse reactivity using caxlglic acids
and amine groupg21]. In particular we used two acic
propionic acid (PA) and octanoic acid (OAend two amines
n-hexylamine (HA) and n-octylamine (OAm).

4.3.2.1 ATR-FTIR Results

In Figure 4.2 the IR spectra of Ti@articles’surface treate
with propionic acid PA@TIiO,) and octanoic acidOAc@TIO,)
are reported together with the spectrumthad free propioni
acid.

% T

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4.2.FT-IR spectra of a) pristine TiOb) PA@TIQ, c) OAC@TIC,,
d) propionic acid.
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There is no evidence of the broad peak around 2300-cnt
typical of the vibrational modes of the OH-groupdicating
that the head of the organic molecule is immoldinato the
surface. This interaction is confirmed by the dpsgrance of
the vibrational mode of C=0 group at 1707 Groharacteristic
of the free aliphatic acids, and the presence ®faymmetric
and symmetric stretching bands of the deprotonegetoxyl
moiety (COO), respectively at 1504 and 1434 the2]. A
minor two-modes vibrational band can be observeldd38 cm

L and 1722 cil in the spectrum of TiPtreated with propionic
acid, which can be attributed to the stretchingthed C=0
group of neutral acid molecules weakly interactivith titania
surface [23]. The band at 1625 ¢rin modified rutile and at
1635 cnt in pristine rutile spectra are attributed to atisor
water.

In Figure 4.3 the IR spectra of Ti@reated with n-hexylamine
and n-octylamine are reported together with thectspm of
the free n-hexylamine.

The persistence of vibrational modes at 2956, 2824 2855
cm® characteristic of the stretching of the methyl and
methylene groups shows the integrity of the alighethain of
the organic molecule [25]. The bending vibrationabde of
NH. moiety at 1585 cfh of the free hexylamine (Figure 4.3d)
misses in the titania modified with amines spe(figure 4.3b
and 4.3c). On the other hand, the presence of apsak at
1526 cm' invokes the interaction between the Lewis acidssit
of titanium (Tf*) and the amino group, forming a coordinative
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bond Ti-NH,". Also in this case, the peak at 16207 is
attributed to the OH bending mode of thater absorbed on
the titania surface.

N

b)

%T

3500 3000 2500 2000 1500 1000
Wavenumber (cm-)

Figure 4.3.FTIR spectra of a) pristine Tidb) HA@TIO,, ¢) OAM@TIO,,
d) n-hexylamine.

Figure 44 shows IR spectra in the region between 1800
1200 cm of thetitania modified first with propionic acid the
with  n-hexylamine  (HA/PA@TiQ) and vicevers
(PA/HA@TIO,). The IR spectrum ofhe first sampl (Figure
4.4c) shows thahe carboxyl vibrational mode at 1738 is

absent, while the amine vibrational mode appeat$26 cn,

as in the spectrum of HA@TyQFigure 4.4d) Instead, whe
propionic acid is added to the titania previousated withn-

hexylamine (Figure 4e) the vibrational modes typical of t
acidic moiety are present: at 1738tand 1432 cr* together
with the signal at 1526 cirtypical of amine on the surf.
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Figure 4.4.FTIR spectra between 1850-1100tof a) TiO, nanoparticles,
b) TiO, nanoparticles modified by propionic acid, ¢) Ji®anoparticles
modified by propionic acid and mexylamine (HA/PA@TiG), d) TiO,

nanoparticles modified by n-hexylamine, e) Ti@anoparticles modified
n-hexylamine and propionic acid (PA/HA@ T,)O

4.3.2.2 TGA Results

The surface coverage of titania is determined frtme
difference between the mass loss of the pristing tagatec
rutile between 390 K an873 K measured by TC (Figure
4.5); in fact this temperature range allows us to nedlesges
related to physically adsorbed water ahd solvents used

the reactions.
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Figure 4.5. Samples’ TGA curves: a) TiOnanoparticles, b) Ti,
nanoparticles modified by propionic acid, ¢) Fi@noparticles modified k
propionic acid and n-hexylamine (HA/IPA@T)Qd) TiO, nanoparticles
modified by n-hexylamine, e) Tihanoparticles modified by-hexylamine
and propionic acid (PA/HA@TIE).

The calculation of the surface coverage is perfor
considering the molecular mass of the modifyingnagwe
was assumed that all the molecule detadhe@d the surfac at
those temperatures), a titanium dioxidsigface arewof 210
m?/g, and a reactive crosgction of about 0.2 r® both for
acid [26] molecules and for amines [27].

Table 4.1reports weight loss and the surface coverage ®
acids and amines used. The highest coverage ibtaned
using octylamine (24%) and the lowest using projgicacid
(9%). When two modifying agents are used one d#fierothel
two different behaviors are evidenthd addition of propioni
acid to the sample of Tgmodified with hexylamine causes
decrease of the weight loss from 3.48% MA@TIO, to
1.72% for PA/HA@TIQ. Instead the addition of hexylami
to the sample of Ti©@modified with propiont acid causes
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significant increase in the weight loss. Furthemntire strong
similarity between TGA curves of titania functiozaid with

hexylamine (HA@TIQ) and titania modified first with
propionic acid and then with the amine (HA/PA@7)O
(Figure 4.5d and 4.5e) confirms the hypothesis stupgd by IR

data that amine molecules shift the acid ones ptese the

titania surface.

Table 4.1.Weight losses and coverage for titania nanopastickated with
acids and amine.

Sample TGA Mass loss (%) Molecule/Am Cogg}:;age
OAM@TIO, 4.77 1.2 24
OAc@TIO, 3.56 0.8 16

PA@TIO, 1.03 0.4 9
HA/PA@TIO, 3.38 n.d. n.d:
HA@TIO, 3.48 1.1 22
PA/HA@TIO, 1.72 n.d. n.d.

" We do not report the calculation of the numberacfd and amine
molecules on an area of 1 fimnd the surface coverage of HA/IPA@TIO
andPA/HA@TIO, samples because we don't know the relative amofint
these molecules on the titania surface.

4.3.2.3 CP MAS’C Results

Cross polarization (CP) exploits magnetization gfan from
protons to carbon nuclei and it is more efficiemt molecules
with reduced mobility; furthermore recycle delayetermined
by 'H longitudinal relaxation times (%) that are at least one
order of magnitude shorter thé’C ones. For titania
functionalized with propionic acid and/erhexylamine, CP
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MAS is a very valuable technique since highlightdydoound
species and neglects free molecules eventuallyepresnce
they are in the liquid state. Howev&iC MAS spectra of
modified nanoparticles acquired without CP and sherycle
delay (4 s) do not show evidence of mobile spedregigure
4.6'3C CP MAS spectra, recorded at 8000 Hz spinningdspee
by applying 8 ms contact time with square rampmlbsamples
are depicted. In Tables 4.2 and 4°@ chemical shifts (CSs)
are reported for propionic acid amthexylamine carbons
respectively together with some reference systding.CSs of
n-hexylamine molecules present on the titania sertae quite
stable and they seem not affected by the preparatiethod
with the only exception of the GH carbon; in fact, each other
type of carbon atom resonates practically at tineesehemical
shift in all the samples analyzed. For what cornee@tha
carbon, in the case of HA/PA@TiQhe resonance is quite
broad compared to HA@TiGand PA/HA@TIiQ samples.

This behavior is typical of a carbon directly bodd® a
nitrogen in the special case of restricted mobilifyhe
broadening of the resonance is due to tf@'*N dipolar
coupling strongly affected by th€N quadrupole interaction
[28].

Analyzing in details™*C chemical shift values, two carbons
CH,3 and CH,0 are clearly outlying those of corresponding
species fom-hexylamine in solution but are quite close to the
values ofn-hexylammomium cation. As an example in Table
4.2 CSs are reported farhexylammomium cation in a layered
y-titanium phosphate [29]. Quite striking is the easf
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CHyB carbon which give rise to a strong and well restlve
peak, its CS goes from 34.1 ppm for the neutrahfto 31.0
ppm for the protonated ammonium salt; for thkexylamine
bounded to the TiPsurface CHB displays a CS ranging from
31.2 ppm to 31.5 ppm. Other methylenes are lessitsento
changes in electron density on amine’s nitrogerch&mical
shift of 12.2 ppm for the terminal methyl is upfletompared
either with neutral n-hexylamine or charged n-
hexylammonium. This anomalous behavior can be exgia
considering that methyl carbons are only partiallyrounded
by organic molecules because they lie near amgerface in
the dry state [30].

The NMR data provide a picture nfhexylamine bound to the
surface of titania via the formation of positive ached
nitrogen, this interaction can be rather strongdileg to
reduced mobility of the head group as in the ca$e o
HA/PA@TIO..

The analysis of propionic acid signal reveals aemmamplex
behavior. First, the preparation method stronghgiheines the
amount of propionic acid bound to the titania nartples.**C
CP MAS spectrum of titania particles first treatedth
propionic acid and subsequently witm-hexylamine
(HA/PA@TIO,) does not show any evidence of propionic acid.
This result clearly demonstrates that, at leaghé condition
used, on the rutile surface-hexylamine is able to replace
propionic acid differently with that reported by Régyama et
al. for anatase nanoparticles. On the other h&i@chemical
shifts of propionic acid adsorbed on titania nambglas do not
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change if the nanoparticles are first treated withexylamine
(Table 4.3). The resonance of carboxyl group issm@rably

broad and presents maxima around 185-183 ppm. Since

propionic acid in solution has the carboxylic resmace at 181.5
ppm and sodium propionate at 185.7, the adsorbepigsric

acid covers all the range from the completely reutrm to

fully depronated carboxylate.

However on the surface of titania more complexcstmes can
be present, Nakayama et al. describe as possiblebitvding

modes for carboxylic acids on the titania surfdabe,chelating
and the bridging mode. These carboxylate geomeshesild
give rise chemical shifts not easily predictablenir solution
data. To the best of our knowledge there are n&svaporting
the chemical shift of carboxylic acid binding titam ions or
titania surface with chelating or bridging geometrowever
Ye et al. [31] report the chemical shift of chelati and
bridging acetic acid in tetranuclear zinc-carboyleomplexes
in the solid state. The authors state 1 ppm dovehéRift with

respect to acetic acid for the bridging mode ampp® for the
chelating mode. In the reasonable assumption teatia the
case a titanium similar shifts occur, it is possild conclude
that on the surface of titania, propionic acid éxsi both
binding modes, bridging and chelating, with a dligievalence
of the bridging mode. The unusual chemical shifuea found
for the methyl groups in PA@Tiand PA/HA@TIQ, 16.7

and 7.4 ppm, can be explained considering the rdifte
environments explored by the methyl groups in thgl state.
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Figure 4.6.°C CP MAS NMR spectra: a) HAIPA@TiOb) PA@TIO,, ¢)
PA/HA@TIO,, d) HA@TIO..

Table 4.2. **C NMR Chemical Shifts of purer-hexylamine andn-
hexylamine capped Tihanopatrticles.

CHy CHap CHyy CHzs CHy CH;
&ppm)  dppm) d(ppm) & (ppm) &(ppm)  S(ppm)

n-Hexylamine 42.7 34.1 27.1 32.3 23.1 14.2
n-Hexylammonium 39.6 31.0 26.0 26.7 211 134

HA@TIO, 41.3-40.4 315 26.5 28.1 225 12.2
PA/HA@TIO, 40.8 31.2 26.5 28.0 22.4 12.4
HA/PA@TIO, 42.4-395 314 26.4 27.9 225 121
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Table 4.3. ®*C NMR chemical Shifts of pure propionic acid, sadiu
propionate and propionic acid capped Ji@nopatrticles.

Carboxyl CH, CH;
3 (ppm) 3 (ppm) 0 (ppm)

Propionic Acid 181.5 27.6 8.9

Sodium Propionate 185.7 31.6 11.0
PA @TIG, 184.9 30.3 16.7 7.4
PA/HA@TIO, 185.1-182.8 n.d.” 16.8 7.6

" Maximum intensity of carboxyl resonangeSignal not detectable since
hidden by hexylamine ‘s peaks.

4.3.3 Characterization of Colloids
4.3.3.1 DLS Results

The stability of modified rutile in solvents withifigérent
polarity was studied by Dynamic Light Scatteringable 4.4
reports the average diameter of rutile particlespelised in
acetone and MMA; there are not reported measurament
relative to the dispersions in hexane and toluémeesit was
not possible to prepare stable colloids; partigleipitated in
few hours since sonication.

The dispersion of titania modified with hexylamine
(HA@TIO,) is the most stable in MMA; and the mean
diameter of particles is the same of pristine euiih water
(@about 115 nm). The dispersion of titania modifiadth
octylamine (OAM@TIiQ) is stable in MMA as HA@TIi®
unless the mean diameter of partiageslightly larger (about
140 nm). The modification of rutile with carboxykcids leads
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to dispersions with a reduced stability in MMA; fact the
hydrodynamic diameter of PA@Ti@articles in MMA is 420
nm after 3 days and it decreases to 225 nm afteda#3B.
HA/PA@TIO, in MMA behaves similarly to HA@TIi®
whereas PA/HA@TIO, resembles PA@Ti© From DLS
measurements it seems that in the case of two gpiogidgents
used one after the other, the most relevant istieeused in the
final step.

Because of the higher stability of HA@TiOn MMA we
chose this colloidal dispersion for the polymeii@atn bulk of
the nanocomposite.

In order to undestand the correct amount of naticpes to
introduce in the syrup, scattering properties of @RO, in
MMA were studied before the fabrication of the ghee

Table 4.4.Hydrodynamic diameter of colloids as measured Witls at the
reported time after colloid preparation

Solvent Days OAC@TIO, OAM@TIC, PA@TIC, HA/IPA@TIO, HA@TIO.PA/HA@TIO,

Acetone 3  120[40] 135([55] 140[50] 140[55] 145[55] 140 [55]

3 370[130] 140[35] 420[200] 160[35] 115[55] 425 [200]
MMA 15 310[110] 130[50] 290[130] 150[40] 115[40] 270 [120]

30 260[110] 125[70]* 225[20] 145[40] 115[40] 250 [80]

" The numbers in the square brackets representahdastd deviation.
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4.3.3.2. UV-Visible spectroscopy

In order to study the optical properties of thdadhl solution
made up of the titanium dioxide modified with hextyline
(HA@TIO,;) in MMA, dispersions characterized by
increasing concentration anoparticles in the monomer we
prepared and characterized with W\éible spectroscopy
Figure 4.7 shows the transmittance spectra of idall
solutions at different Ti@concentration in weight (from 0 pp
to about 1000 ppm) in a standard quartz cuvette.
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Figure 4.7. UV-visible spectroscopy of pure MMA (0 ppm) and of
colloidal solutions of HA@Ti@ in MMA characterized by increasi
concentrations (from 25 ppm to 988 ppm w/w).

Transmittance (%)

y -- - 198 ppm
/. —395.ppm
——593 ppm
----790 ppm
— -988 ppm

The scattering coefficierd due to the TiQin MMA solution
reads as follows:

a1 ) :%m(%} 1)
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Where T is the measured transmittance of pristine MMA as a
function of the wavelengtn, Ty is the same quantity for MMA
charged with TiQand L is the cuvette length (1 cm).

The log-log plot ofa as a function ok was performed. For
these curves the dependencerain 1A*in 400-600 nm range
was evident. In this wavelength region Rayleighrapipnation

is valid anda reads:

2
r*( €ron—€ re

Ao\ A) =32 f, — | —02—PMVA | —4f —— (2

Rayle|gh( ) V/]4{£Ti02 +2£PMMA] v/]4 ( )

Where r is the radius of spherical nanoparticlgsisfTiO,
concentration in volumegrio, and epyva are the relative
electric permeability of the nanoparticles and taymer
respectively, assumingptimva=1.49 and Ro,=2.61, K=519.
Fitting a/k in the 400-600 nm range witiA? the coefficient
a=f,r® was obtained for all the TiCknown concentrations and
hence the cube nanoparticle mean radius as the sibp
versus,.

By fitting the variablea versus the nanoparticles’ fraction in
volumef, with a straight line, a nanoparticles’ radius bbat
45 nm was calculated by the slope of the fittingveu(see
Figure 4.8). This value (about 90 nm of diameternia good
agreement with the nanoparticles’ size measureDlfy (115
+ 55; see Table 4.4). In calculation densities 6#0y/cni and
4.23 g/lcm for MMA and rutile TiQ respectively were
assumed.
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Figure 4.8.Fitting of the variable versus the fraction of volume in ppm
the nanopatrticles in the polymeric matrix. The euttvat fits the points is

straight line whose slope is 92000 m

4.3.4 Characterization of T&PMMA Nanocomposit
sheets

Figure 4.9 shows a photo of a Bianocomposite she
charged with about 100 ppm of the sampla@TiO,. The
sheet’s size is about 20 cm of length and 20 crwidth and
while the photo 4.9a shows iteansparency, the Figure 4.
reveals its diffusing properties using a white seufThe shee
remember the blue sky, whose appearance is th#é césiine
Rayleigh Scattering, like in this case.

In order to study the diffusing propess of the Rayleigl
Scattering, measures in transmittance in the visiatge were
performed on a pure PMMA sheet, and two nanocong
sheets characterized by 100 ppm and 200 ppm ofpaaindes
in the polymeric matrix. Spectra were collected three
different points of lte sheet’'s edge, in order to check
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distribution of the rutile particles in the bulk6® cm, 6.65 cm
and 10.20 cm (Figure 4.10).

Figure 4.9.a) Images of one of the TPMMA nanocomposite sheet. b)
Diffusing properties of the nanocomposite whennilimated with a white

light in the dark.
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Figure 4.10. Measurements in transmittance of the PMMA sheeit taro
nanocomposite sheets characterized by the presgnt@0 ppm and 200
ppm of nanopartcles in the bulk. Spectra was c@tedn three different
position along the edge: 2.60 cm, 6.65 cm and @62

By the Figure 4.10 it is possible to verify the iopt
transparency of the pure PMMA sheet, that reflettsut 4%
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of the light for each face, as expected, while theonamposite
sheets show an additional loss in transmittancechvhs
wavelength dependent. Same transmission spectigsenas
for colloidal solution was carried out. Also inghtase sampl
show a Rawigh scattering between 400 and 600 nm; fittin
a parameter as a function gfgave a nanoparticles radius
about 50 nm, in good agreement with the resultinbthfor the
sample in dispersion (see Figure 4.11). These teesldarly
show that no clsters appeared during the bulk polymeriza
of the monomer. In Figure 4.12, the nanocomposiEM"
image confirms the presence of aggregates of al@iunm a
hydrodynamic diameter embedded by the polymerigiraz

a (nm -3)
w
1

0 ll(] 2b 3|0 4|0
v (ppm)

Figure 4.11.Fitting of the parametea versus the fraction of volume (

ppm) of nanopatrticles in the polymeric matrix. Theng is linear and th

slope of the straight curve is 12220%m

115



Figure 4.12.TEM images of the aggregates of rutile crystatpeised ir
the polymericmatrix; by the magnification of one of the aggregais
possible to see that the size is about 100 nm. d¢tomeration happene
during the bulk polymerization.

4.4 Summary

In a first step was found that hexylamine is thstlmeodifying
agent among thoseested with this rutile, in order to obte
stable dispersions of TpOnanoparticles in MMA. Th
interaction seems to happen by protonation of the &mine
for part of the Lewis acid sites present on thde'stsurface
according to*®*C CP MAS NMR andFTIR spectra. Th
nanoaparticles are anyway aggregates in clustersse
hydrodynamic size is about 100 nm in MMA. This i®wed
by TEM images and confirmed by DLS and -visible
measurements. The optical properties of the digpessand, ir
a second step, of the TIPMMA nanocomposite sheets we
verified by UVwisible spectroscopy, confirming that titanit
dioxide nanoparticles scatter according to the &gkl Law.
The nanoparticles’ size remains the same also #fterbulk
polymerization and no bggr agglomerates shape. From -
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point of view, the bulk polymerization of nhanocorsfie sheets
via cell-casting showed to be a good method inro@®btain
this type of objects preserving a very high opticahsparency.

4.5 References

[1] a) Alexandre M and Dubois P 200at. Sci. Eng. R28 1;
b) Balazs A C, Emrick T and Russell T P 208éience314
1107

[2] a) Usuki A, Kojima M, Okada A, Fukushima Y and
Kamigaito OJ 1993 Mater. Res8 1179; b) Kojma YJ 1993
Mater. Res8 1185

[3] Kiliaris P and Papaspyrides C D 20Pfogr. Polym. Sci.
35902

[4] Osman M A, Mittal V, Morbidelli M and Suter U V003
Macromolecule$86 9851

[5] @) Song H and Lee S. 200lanotechnology.8 055402; b)
Neves M C, Martins M A, Soares-Santos P C R, Rawvel
Ferreira R A S, Monteiro T, Carlos L D and Trindad@008
Nanotechnology9 155601

[6] Nussbaumer R J, Caseri W R, Smith P and Tervo2003
Macromol. Mat. Eng28844

[7] Althues H, Potschke R, Kim G M and Kaskel S QD2
Nanosci. Nanotechnd®. 2739

[8] Althues H, Henle J and Kaskel S 200Fiem. Soc. Re26
1454

[9] Marek M and Steidl J 200& Mater. Sci41 3117

[10] Ruffieux T, Scharf I, Philipoussis H P, Herzig Roalkel
K J and Weible 2008pt. Express16 19541

117



[11] Wu C Y, Chiang T H and Hsu C C 200gt. Expresd6
19978

[12] Lin L, Shia T K and Chiu C J 2000. Micromech.
Microeng.10 395

[13] Yeh S J 200®pt. Commun264 1

[14] Ganzherli N M and Gulyaev S N 20070pt. Technol74
56

[15] Kim G H 2005Eur. Polym. J411729

[16] a) Schubert E F and Kim J K 20@&ience308 1274; b)
Kim J K and Schubert E F 20@3ot. Exp 1621835

[17] Rivera-Toledo M, Garcia-Crispin M E, Floresaclahuac
A and Vilchis-Ramirez L 2006hd. Eng. Chem. Red458539
[18] Mohapatra S and Pramanik P 20D8lloids and Surfaces
A: Physicochem. Eng. Aspe839 35

[19] Brunauer S and Emmett P H and Telled E938 Am.
Chem. Sod0 309.

[20] Barret E P, Joyner L G and Halenda. AL951J. Am.
Chem. Socr3373

[21] Mueller R, Kammler H K, Wegner K and Pratsit8sE
2003Langmuirl9 160

[22] Nakayama N and Hayashi T 20@®lloids and Surfaces
A: Physicochem. Eng. Aspe8tk7543

[23] Ojamue L, Aulin C, Pedersen H and Kall P-O @QD
Coll. Inter. Sci.296 71

[24] Mudunkotuwa | A and Grassian V H 2010Am. Chem.
S0c.13214986

[25] Li Z, Gao J, Xing X, Wu S, Shuang S, Dong @ag M C
and Coi M M F 201Q. Phis. Chem. @14723

118



[26] Bickerstaffe A K, Cheah N P, Clarke S M, ParkeE,
Perdigon A and Messe L 2006Phys. Chem. BO05570

[27] Boddenberg B and Eltzner K 199angmuir7 1498

[28] a) Simonutti R, Comotti A, Bracco S and SozzZar2001
Chem. Materl3 771; b) Naito A, Ganapathy S and McDowell
C A 1981J. Chem. Phys45393

[29] Mafra L, Almeida Paz F A, Rocha J, Espina Agdihakov
S A, Garcia J R and Fernandez C. 2Qbem. Materl7 6287
[30] Pursch M, Vanderhart D L, Sander L C, Gu XuNen T,
Wise S A and Gajewski D A 20QD Am. Chem. Sott226997
[31] Ye B H, Li X Y, Williams | D and Chen X M 200&org.
Chem41 6426

119



120



Chapter 5

Highly refractive poly 2-ethyl-2-
oxazoline nanocomposite coatings
loaded with TiO, nanoparticles with
high optical quality

5.1 Introduction

Polymeric nanocomposites, namely polymer matrices
containing nanometric particles, are extensivelylistd for the
improved properties compared to the pure polyme2[1The
presence of a nanometric filler can enhance mechaani
properties [3, 4], thermal stability [5] and gasri® properties
[6]. In the last few years nanocomposites with ropted
optical properties have also been described. Theareh has
been focused mainly on the following goals: lumasse [7,
8], change (increase) of the refractive index ([), UV
absorption [10]. In particular high Rl polymer naomposites
can be obtained by incorporation of inorganic buatdblocks
with high RI (such as InP, PbS, TOZr0O,, or ZnS) into
organic matrices on the nanoscale. However it shbalnoted
that although InP and PbS have high Rl (>4.0 atrs@), they
exhibit significant absorption coefficients in thisible region
and cannot be used for applications where transpgra the
visible is required. At present in fact, the mostquently

121



employed inorganic materials in the literature @ning high
RI organic—inorganic nanocomposites are JI{@~ 2.6 at 500
nm in its rutile form) [11], ZrQ (n = 2.2 at 589 nm) [12]
andZnO (n = 2.0 at 550 nm) [13, 14]. The main raasfor
which these high RI inorganic materials are usedaasscale
building blocks are that they can be obtained gdmith in the
laboratory and commercially, and they have goodsjparency
in the visible and near-IR regions. In additionmgoinorganic
materials such as ZnO, TiO(not as nanoparticles) are
commonly used as UV-shielding pigments in sun-stree
lotions, in polymeric materials and coatings. Ngible
absorption in the visible region is a necessarynotitsufficient
condition for having optically transparent nanocosifes; in
fact intense light scattering of inorganic domaidsge to the
large inorganic domain size and RI mismatch betwten
inorganic phase and the matrix, could determineopaque
appearance of the material. The amount of scatieyktican
be evaluated by using the Rayleigh scattering féaimras a rule
of thumb scattering can be considered negligibleerwithe
average radius of the particles is less than 2580 Due to
unique combination of optical and mechanical propgrthese
films have a wide range of applications in the ej#otronics
and coating industries. Much effort is aimed atéasing the
functional inorganic fraction, and several methbdse been
developed in order to avoid aggregation [15, 16iciwlusually
has a negative impact on the properties of the ositen
Considering polymers used as embedding matrix for t
inorganic nanoparticles, poly(meth)acrylates regmethe most
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studied class since they feature intrinsic highicaptclarity,
especially in the case of polymethymethacrylate J2f, and
the possibility to modulate the physico-chemicalgarties of
the polymer by simply varying the nature of theeshains.
Quite rarely water soluble polymers are used, afghothe
hydrophilicity of the macromolecular chains can idvo
aggregation of the nanoparticles, especially in tase of
oxides that present hydrophilic surfaces. In fa of the main
efforts in the fabrication of nanocomposite is therface
modification of the nanopatrticle in order to makeampatible
with the polymer; in the case of hydrophilic polymehis is
not necessary and the nanoparticle can be dispérsedter
without any treatment. In the perspective of grebamistry,
the fabrication of water soluble nanocompositesukhdoe
considered as a relevant target.

In this paper we report for the first time the @egiion and
optical characterization of nanocomposite films mad TiO,
dispersed in the water soluble polymer poly 2-ethyl
oxazoline. This polymer was chosen because obltghsity in
water, lack of toxicity and stability (the amidetestiary and,
as consequence, it is difficult to hydrolyze).dtafures several
recognized applications as an adhesive and as tangdao0,
21]. Furthermore, polyoxazolines are an interestitggs of
polymers due to their ability to form functional teaals and
nanostructures with interesting applications asmuit
responsive systems [22, 23]. Nanocomposite films
characterized by three different concentrations 10D,
nanoparticles (20 nm average radius) in the poligmeatrix
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(16%, 28% and 44% w/w) were obtained and refractive
indices, UV absorption and transparency were tesigdg
UV-visible spectroscopy. The nanocomposites surfaees
studied by AFM. The optical properties of the fimere further
investigated by specular gloss and distinctnesmatie (Go))
measurements.

5.2 Experimantal

5.2.1 Syntheses and characterization of ,TiO
nanoparticles

TiO, nanoparticles were synthesized according to method
reported by Niederberger et al. [24], in which 4 oflTiCl,
(99.9%, Sigma Aldrich) are slowly added to 80 ml of
anhydrous benzyl alcoho>$9.0%, Sigma Aldrich)under
stirring at room temperature. Benzyl alcohol wasdena
anhydrous using MgSQand by evaporation at 50°C under
vacuum. Nanoparticles with the desired size wertainbéd
using 80°C as reaction temperature and 24h asigedtine.
The resulting white suspension was centrifuged wadhed
three times, twice with ethanol and once with THhe
nanoparticles were dried under environmental atimesp at
room temperature overnight and then ground intoveder.

X-ray diffraction measurement was performed in orte
examine the Ti@ nanoparticle crystal structure. The powder
X-ray diffraction pattern was obtained using a BmulkDS8
DISCOVER with GADDS microdiffractometer equippedthwi

a Hi-Star area detector. Theta 1 (x-ray source) Eineta 2
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(detector) starting angles were 17° and 17° wiffame width
of 8. Runtime for each frame was 90 seconds. Bearditons
included Cu K radiation { = 1.54 A) at 45 kV and 35 mA
through a 500um collimator in air.

Nanoparticle size and morphology were studied using
transmission electron microscopy (TEM, JEOL JEM)01
operated at 200 kV. The TEM sample was prepareedoyng
1-2 drops of the nanoparticle water dispersions datey
carbon copper grid.

In order to measure their surface area, nitrogesoration-
desorption isotherms were measured at liquid rdnog
temperature using an ASAP 2010 analyzer (Microrm&iriThe
powder was outgassed for 12 h at 473 K. The surdiaee of
the nanoparticles was calculated using the Brundtimmet,
and Teller model (BET model) [25]H Magic Angle Spinning
NMR spectra were recorded on a Avance 300 spectesme
(Bruker) (standard spinning rate of 12 kHz) withrexycle
delay of 4 s; 128 scans were acquired. Thermogetyym
measurements were carried out with a TA Q500 apalf/FA
Instruments), heating to 1073 K at 10 K/min in air.

5.2.2 Preparation and Characterization of
nanocomposite films

Poly 2-ethyl-2-oxazoline (Aquazol 2B0Polymer Chemistry
Innovation, M,=200000) [20] film (AO) was prepared and used
as reference. Solution of 5 wt % of the polymedistillated
water was cast on Mil8r(Du Pont) sheets and microscope
slides, and films were obtained by evaporatiorhefgolvent at
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room temperature and environmental pressure. Namocsite
films were obtained by mixing the polymeric soluativith the
nanoparticle dispersions in water in different asati TiG
dispersions were prepared by adding the desireduaimaof
dried nanoparticle powder to water and by ultraisating the
mixture (21s pulse, 7s pause, 350 W) for 15 minutasprder to break
bigger agglomerates. Films based on an increasing
concentration of nanoparticles in the polymeric nratl6 wt

%, 28 wt % and 44 wt %, called A16, A28, A44 respety,
were prepared by evaporation of the solvent at room
temperature and environmental pressure. The coBa@d in
water dispersion was analyzed with a Zetasizer Naeoes
(Nano-S) Dynamic Light Scattering (Malvern Instrurhé&td.)

at room temperature using\a632.8 nm He-Ne laser.
Nanocomposite films were optically characterizedthwa
Perkin Elmer Lambda 1050 spectrophotometer with aar
reference spectrunTEM images of the nanocomposite films were
prepared as for the nanoparticles, but using thgygic solution in
water with dispersed nanoparticles, and waiting deaporation of
the solvent.

Atomic Force Microscopy (AFM) images were acquivgth a
Nanowizard 1l (JPK Instruments, Berlin) instrument.
Measurements were performed in tapping mode inusing
stiff silicon cantilevers (RTESPVeeco, resonangfiencies of
[BOO kHz, and spring constant @40 N/m). Images were
acquired at 1Hz scan rate and 512 x 512 pixel uésaol. All
data in this study were verified by sampling a widage of
areas over the sample surfaces. Water Contact Angle
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measurements were performed with a PGX pocket guostier
(FIBRO systems) using 2 pL droplets, with 5 or peteions
for each sample. Specular gloss measurements a6@0and
85° of the films were determined according to ASTN23
using a micro-Tri-gloss apparatus [26]. Each ressltan
average of six measurements (repeated three taggsjred in
different points. Relative error of these resudta imaximum of
1%. In order to perform specular gloss measureméihiss
were cast on microscope slides with the uncoatee spray-
painted black.

Distinctness-Of-Image gloss measurements were npeefd
according to ASTM E430 using a Dorigon Il abridged
goniophotometer [27]. Each result is an average sif
measurements. Relative error of these resultsss tlean 1%.
In order to perform these measurements the samplesannsed
for measuring the specular gloss were used.

5.3 Results and Discussions

5.3.1 Characterization of nanoparticles and colkdid
solutions

The powder XRD pattern of titanium dioxide syntlzesi by
non-aqueous route is shown in Figure 5.1. The saumsplighly
crystalline anatase without indication of otheariium dioxide
phases. The (101) peak corresponds to a partizdeo$i5.6 nm
by Scherrer formula using 0.89 as shape factor.
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The surface area of the titanium dioxide nanogagibas been
calculated by BET method which gives 249/gn using the
relation for which the surface area (in%g) = 6000/
[p (in g/m®) D (in nm)], wherep andD are the anatase density
(3.9 nf/g) and the diameter of nanoparticles [20] respebi
the nanoparticle size was calculated to be aboRt rén.
Although particle size determined by the (101) peak
broadening at half of maximum intensity is not vecurate,
the result is in agreement with the BET measuresi€rtM
analysis presents a somewhat different landscégedapicted
in the inset of figure 5.1a, where Ti@anoparticles appear as
elongated objects with the longest axis aroundm0By more
accurate investigation of images such as the operter in
figure 5.1, the objects show a finer structuretfeesy appear
constituted by nanoparticles of about 5-6 nm wipegt ratio
close to 1, although the actual shape cannot bbwattd on the
basis of the TEM images available.
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Figure 5.1. a) XRD pattern of synthesized Ti®anoparticle and the
corresponding TEM image. b) DLS measurement ofigdarsiz¢ of the as
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The posdiility to prepare a stable dispersion of tita
nanoparticles in water is investigated by DLS. L[
measurements reveal that once dispersed in watenial
nanoparticles present an average diameted@#20 nm ir
reasonable agreement with THEiMeasurements (figure 5.1

Since benzyl alcohol has an active role in the Is3sis of
titania, as stated in several papers by the authatspropose
this synthetic route [28], the presence of benzlgolzol
residues on the titania surface has beetuated by TGA anc
'H MAS NMR. Thermogravimetric trace shows an ove
weight loss of about 14% from about 400 K to 900TKe
weight loss can be divided in two regions. Thet fase, from
400 K to 600 K, is characterized by a smooth dessed the
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sample weight with the increasing temperature, sbeond
instead is quite abrupt and takes place in less 302K around
693 K (figure 5.2a). The first phenomenon is chimastic of a
desorption process. In fact, physi-adsorbed modscan a
surface are released in a wide range of tempesasggecially
when the surface is highly defective as in nanagas. The
second phenomenon can be related to the sinterfintpeo
nanoparticles once the organic molecules covehegsurface
are completely removed. The sintering process ambsmn
through the condensation of hydroxyl groups anthiekation
of water [29]. Taking into account the syntheticthoel used
and that the boiling point of benzyl alcohol is abd78 K, the
weight loss between 400 K to 600 K can be attridhute
prevalently to the desorption of benzyl alcohohirthe titania
surface [24].
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Figure 5.2.a) Thermogravimetric trace of Ti®anoparticles. The curve
normalized at about 400 K in order to neglect weitgsses due t
physically adsorbed water.'s) MAS NMR of TiO, nanoparticle recorded
at 300 MHz;in the inset a possible interaction between bealdhol anc
titania is depicted.

'H Magic Angle Spinning (MAS) NMR is a valuable tdfolr
characterizing adsorbed molecules on solid surfdG€3.
Magic angle spinning is effective in reducing bubt
completely cancelling the protgroton dipolar couplings
Therefore in a solid materiatesidual dipolar coupling
dominate the appearance’®f MAS NMR spectra. Molecule
endowed with restricted mobility are characteribgdstrong
dipolar couplings leading to broad spectra spanrnerns of
ppm, in which different chemical species cannotdm®gnized.
Fast motions, instead, can average residual dipol#plings tc
zero allowing the detection of well resolved spechn the cas
of TiO, nanopatrticles two sharp resonances at 7.4 ppm .&r
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ppm dominate théH MAS NMR spectrum (figure 5.2b).
Underneath these resonances a quite broad pealkgangm
15 to 0 ppm is also recognizable. The chemicaltshuf the
sharp peaks are quite close to those measured eozyb
alcohol in solution. This indicates that a relevaatt of the
benzyl groups anchored on the titania surface éxaibquid-
like mobility. However, the occurrence of a broashk points
out to the presence of rigid protons having redanobility.
They may be associated to hydrogen bonded OH groiuthe
titania, in agreement with the high temperaturegheiloss
measured by TGA, or to some benzyl groups which are
interacting more strongly with the anatase surface.

Overall, TGA and'H MAS NMR provide a picture of
nanoparticles with an heterogeneous surface clesized by
the presence of highly mobile organic moleculesirbgen
bonded OH groups and possibly organic moleculesifon the
surface. This heterogeneity explains the abilitytred anatase
nanoparticles to form stable dispersion in water.
Nanocomposites films are prepared by dissolving REO®
water and subsequent addition of titania. The méxtis
ultrasonicated in order to disrupt loose aggregafesitania
nanoparticles, then the colloid is spread out orlaMgheets,
and finally evaporation of water leads to the fotiora of the
nanocomposite. Films are transparent, do not presicks
and are easily removed from the supporting sheets.
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Figure 5.3.TEM images of titania PEOX nanocomposifitas: a) A16
and b) A44. Bar scale: 50 nm

In figure 53, TEM micrographs of Al6 and A«
nanocomposites are reported. The images confirm ttie
nanoparticles are well dispersed in the polymerrimads
aggregates of the primary crystallites; statistazalysis of the
images provides average dimension ofe tlaggregate
comparable with the value measured in solution HySI
Moreover, despite the small intaggregate distance due
high concentration anatase nanoparticles, the ggtge art
homogenously distributed in the polymeric matrikisTresuli
demorstrates that the fabrication procedure of
nanocomposite film does not induce further agglaten of
the aggregates.

AFM was used to examine the surface of the filmguife 5.4
shows AFM “height trace” and “phase lag” images tioé
pristine polymer film and the nanocomposite filii$ie pure
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polymer surface (figure 5.4a) appears to be smamid
characterized by an average peak-to-valley heifjtgbout 1
nm; the nanocomposite surface roughness increasds w
nanoparticles content as clearly shown from in@dasale of
the height surface profile (Figure 5.4d).

a).b).(:).d) %
e).ﬂ.g). h). “

Figure. 5.4.AFM images of the samples in “height trace” maalefilm
AO; b) film A16; c) film A28, d) film A44, and “phse lag” mode: e) film
AO; f) film A16; g) film A28; h) film A44. Imagesige is 2um x 2um. The

colour scale bar corresponds to 8 nm for the imag#seight trace” mode
and 8° for the images in “phase lag”.

In order to quantitatively characterize the surfalteration due
to the presence of the nanoparticles we computesd th
bidimensional autocorrelation of the profile imaged we
extract the correlation length by fitting the obexl
autocorrelation function of the image with a 2D ggan
profile. We chose to identify as correlation lengte HWHM
(Half Width — Half Maximum) of the function. Calatkd
values are reported in Table 5.1. It should beddhat in the
AO sample the correlation length is equal to théViAtp radius
which is the lower threshold of the sensitivity ofie
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instrument. On the contrary, the presence of natiofes
results into a sizeable increase of the HWHM ofdberelation
function to a value which is comparable with thaaarticles
diameter.

Phase lag images (figure 5.4 e-h) show that mosteourface
in all films presents similar dynamics of the vilimg AFM
cantilever. In nanocomposites small spots of thaspHag
image show a large deviation from the average vahe
significant change in the dynamics is expected wtmentip
interacts with different types of surfaces: the sofanic phase
or the hard inorganic one. Therefore the presericenll
spots showing large deviation of the phase-lag ssiggthat
some nanoparticles protrude out of the polymer asexf
Actually, the fact itself that the particles aret mmmpletely
encased in the polymer is an indication of reduced
compatibility.

Water Contact Angle (WCA) measurements also reweal
change in the nanocomposite surface with increadiii@
content (figure 5.5). Table 5.1 reports averageuesland
deviations for the studied systems. The water cbraagle
goes from an average value of 53° (figure 5.5a)tifer pure
polymer (AO) to more than 90° (figure 5.5d) for theost
concentrated nanocomposite film (A44). This meaeset is an
increase of the hydrophobic character of the maltesihich is
associated to the particles protruding out of tiréese.
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Table 5.1. Correlation Length and WCA values of pure polymed a
nanocomposite films .

Correlation length

Film (HWHM) V\éoc)A
(nm)

AO 13 53+3

Al6 33 67 +5

A28 30 82 + 3

Ad4 40 88 + 4

The change of wetting behaviour can be attributedthe
increased roughness of the nanocomposite and tprédsence
of benzyl groups on the titania surface. It is wedtablished
that the wettability of a solid surface is governaoth by
surface geometrical microstructures and by the at@m
composition, as pointed out in the case of nansgawd
similar systems [31, 32, 33].

The observed reduced compatibility of the titaraaaparticles
on the nanocomposite surface is in apparent cdantoashe
good stability of their dispersion in the polymengatrix.
However, we must consider that both PEOX and ttemia
surface present a complex structure which may bgoresible
for the observed behaviour of the nanocompositpahticular,
as detected by'H MAS NMR, titania nanoparticles are
partially covered by hydrophobic moieties like pylenings
which tend to repel each other, possibly contrifmytito
stabilize their dispersion both in water and in XEO
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Figure 5. Water contact angle measurements of the pristihan@: a) AO;
and of the nanocomposite films: b) A16; c) A28AdN.

Presence of both an hydrophobic main chaml polar sids
chains in PEOX results into a peculiar balance beh
solubility in water and polar organic solvents [3dédiated by
hydrogen bonds with carbonyl groups of the sideirghand
aggregation through collapse of the main chain akmlower
critical solution temperature (LCST). While hydrogbonds
between PEOX and residual hydroxyls on the titeuieace
might help to stabilize the dispersion of nanopsed in
PEOX, as in the case of fumed silica [36], phenyigs
covering the titania stace possibly provide the additior
stabilizing interactions, like CHi with the hydrophobic mai
chain of PEOX [35], which determines precipitatioina well
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dispersed nanocomposite as water evaporates duhag
formation of the film. However, at the final stagé solvent
evaporation, when a solid-air interface forms, PEOX
aggregation is possibly stronger, thus it is nonaore able to
wet the nanopatrticles surfaces, which remain exptsair.

As a first conclusion, we obtained materials whaeseface
properties, such as the roughness and hydrophpbean be
tuned by the synthesis method of nanoparticles ax,
consequence, by the nanoparticles content in thgmeoic
matrix. In particular, obtaining hydrophobic filnly working
in a hydrophilic environment is interesting per se.

5.3.2 Optical Characterization of nanocompositm§l

Both pure poly(2-ethyl-2-oxazoline) (AO) and nanogEmsite
films fabricated with increasing concentrationsxahoparticles
are optically transparent for the most part. TRé¥f-visible
spectra are reported in Figus®. Below 400 nm it is possible
to observe the pronounced nanocomposite absorgilge,
linked to the nanoparticle band gap. Therefore jkanthe
pristine polymer, the nanocomposite films providemplete
UV filtering up to the proximity of the visible.

Because of the high concentration of the nanopestin the
polymeric matrix, the refractive index of the naooposites is
expected to be larger than the value for the potenper. The
effective nanocomposite refractive index is presticby the
following equation [15]:
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ncomp = fvnp + fmnm (2)
where Romp Ny and i, are the refractive indices of t
nanocomposite, nanoparticles and polymeric m:
respectively; f and f, = 1 — { are thevolumefractions of the
nanoparticles and the polymeric matrix. In orderegtimate
nanocomposite refractive indices, 1.224589 nm) and 2.4
(A =589 nm) were used as refractive indices of tHgnperic
matrix [20] and of the anatase nanoparticles [&8pectively
and densities of 1.14 g/érf20] and 3.9 g/crh[24] were use
in order to calculate the volume fraction from thweight
fraction of the nanoparticles in the nanocomposite. The
characterized by about 28% w/w of nanoparticlesthe
polymeric matrix (A28) should have a refractiveerdf abou
1.62 theoretically, up to about 1.70 for the fililhefl with 44%

w/w of nanoparticles (A44).
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Figure 5.6. UV-visible specta of the pure polymer AO) and
nanocomposite filmscharacterized by 28% w/w and 44% w/w
nanoparticles in the polymeric matrix (A28 and Adeépectively).In the
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inset the near IR spectra in the region comprisetshéen 600-800 nm is
shown.

The inset of figure 5.6 shows the near IR portibthe spectra
of the samples at an enlarged scale. Assumingstirédce and
bulk scattering are negligible at long wavelengths, average
transmittance in this range is given byw=f-Rr)?, with

R=(ncomp—l)2/(ncomp+1)2the interface reflectance. With these

assumptions, the 91.5% transmittance of the AO &tr694 nm
correspond to fm=1.52, matching literature data. Good
agreement with the index predicted by equation i$2also
found for nanocomposites: indeed the 89.8% trananué at
694 nm for the film A28 corresponds to a refractindex of
1.60, while the 88.4% of transmittance for A44 esponds to
a refractive index of 1.65. All measured values slightly
lower compared to the expected values calculatedgus
equation (2). A reason for this minor deviation Icoloe linked
to an overestimation of the particles refractiveeix because of
the small size of the crystallites. Moreover, adssed above,
a fraction of water and benzyl alcohol molecules@esent on
the surface of the nanopatrticles. Thus, the effecgtidex of the
nanoparticles is possibly lower compared to theaotive
index of pure anatase. Finally, the conformatiothef polymer
chains in close proximity to the nanoparticles ascef is
possibly modified by the different environment. Simay lead
to a lower density of the polymer, which becomemidicant
for the large volume fractions of nanoparticlessprd in our
samples [38, 39].
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The film thicknesses L were calculated by measuting
wavelength separation between adjacent transmisseaks
AN in the region of interference, using the Fabry-Péaw
[40], according to:

2
M = L:' 3)

comp

whereA is the central wavelength of the nearest transamss
peaks (in this case 694 nm), angnp is the film refractive
index calculated above from reflectance measuresnent
Considering the periodicity of the interferencenfjgés of 14
nm, a thickness of about jin was obtained for all samples.
The weak change of transmittance in the visibleggeais not
due to the Ti@ band gap, thus Rayleigh Scattering can be
hypothesized. Below the near IR range, and intovikile
region, the slopes of the nanocomposite transnmsspectra
T(A\) between 400 nm and 650 nm were evaluated usiag th
Rayleigh law [41], which applies well for sphericaiatterers
having diameters below/10:

(4)

wherer is the radius of the nanoparticlésis the thickness of
the film, A is the wavelength, and, , n, and f, have been
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introduced above and are the refractive indices tlué
nanopatrticles, of the polymeric matrix, and theunoé fractior
of the nanopatrticles in the nanocomposite respagtiFigure
5.7 shows the logarithm of the bulk absorbaig )= -
IN(T(A)/Tao(A)) versus the logarithm of the wavelen, along
with a linear fitting with slope4. The good fit with such
slope shows that the transmittance losses are dndee be
attributed to Rayleigh scattering in the regionamsn 400 an
650 nm. Usingw, = 1.52,n, = 2.49, the thicknesses measu
from the near IR transmission as explained abowe, the
measured concentrationf, the expected radius of t
nanoparticles could be extracted from the inteséptfigure
5.7 to be around 25 nm, in good agreementh DLS
measurements and TEM micrographs, confirming tha
agglomeration in occurs during the formation of filma.
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Figure 5.7.Film absorbance logarithms (A28 and A44), normalize the
pristine polymer absorbance, versus the waveleloggrithm in the visible

range. The curves were fitted with two straightedinwith slope-4,
distinctive of Rayleigh scattering also shown ia figure.
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In conclusion, UV-visible spectroscopy shows thdte t
nanocomposite films are essentially transparent) aiweak
bulk scattering mainly linked to the high concetitna of the
nanoparticles in the films. Moreover, the measurdme
showed that the films absorb the UV radiation upthe
proximity of the visible and have refractive indideigher than
the pure polymer growing with the concentration toke
nanoparticles in the polymeric matrix.

The optical quality of the films was assessed thhoaptical
measurements of reflectivity and surface scattering
Measurements of specular glosg@ at 20°, 60° and 85° and
distinctness of image gloss {69 were performed allowing an
assessment of the impact of surface scatteringhenvisual
appearance of the film. Specular gloss is a measneof the
ratio of the luminous flux reflected from the sampt an angle
O, relative to the luminous flux reflected from aarsdard
smooth glass surface with a refractive index o6Z.9ncrease
in the bulk RI will increase specular gloss but face
roughness reduces the specular gloss through idiffug\n
estimate of the RMS surface roughnessan be obtained by
fitting the measured specular gloss using the etesguation
G«(®,Ncomp [40] times a term that accounts for the loss from
scattering, in this case from the total integrasattering
model [42]:
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where Romp is the sample RI obtained by the -Visible
measurements described above, anig the RMS surface
roughness.
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Figure 5.8. Measured (dots) specular gloss valueg®); and predicte:
(squares) values {®@,ns,n) Versus film refractive indices &=20° incident
angle.

Figure 5.8 shows the predicted glos$85 Nscomp, assuming ne
loss from surface scatteringnd the measured specular gl
G4®) at 20° and at a wavelength of 550 nm versus tfF
measured refractive indices of the samples. T-error bars
represent a relative error below 1% on the measuafedctive
indices of films, resulting into about 3% of relatierror on the
predicted gloss. Films of pristine polymamd with the lowes
concentration of nanoparticles in the polymeric nmatA16)
seem to produce quite a smooth surface on theheoliglass
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while some relevant deviations from the values etquefor a
perfectly smooth surface appear for the more cdratea
nanocomposites A28 and A44. The mismatch is ateibuo
the increased surface roughness, which is evaluated
Equation (5), and summarized in Table 5.2.

Table 5.2. Films RMS roughnes® obtained from the specular gloss
measured and predicted values using Equation (3nfiall incident angles
(® = 20°), and ah = 550 nm, and distinctness of image measurements

Film TiO, R.I. o Gpol
(% wiw) (nm)
AO 0 152 1143 98.5+0.5
Al6 16 157 15#2 98.0+0.5
A28 28 1.60 17+2 95+1
Ad4 44 1.65 16+2 96 +1

We remark thatb grows with the nanoparticles concentration
in the nanocomposite, in agreement with the AFMghiei
image results presented above.

In the perspective of using this material as aqutdte coating,
we evaluate distinctness-of-imagep(» gloss which evaluates
the effectiveness of the coating in preservingifi@mation of
an image covered by the film. This measurement evexpthe
amount of scattered light at £0.3° from the specatayle® =
30°, bo-+0.35 to light reflected in the specular directiosge!
according to the formula & = 100 (ko-l30°+0.39/130°
Therefore, a value of 100% indicates that no lightliffused
off-axis, while lower values indicate that a fractiof light is
scattered slightly off-axis, blurring image fornwatiin a far
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optical system such as the eye. Such an off-axattesmg is
mainly related to surface roughness [43], as thridoution of
Rayleigh bulk scattering is instead quite diffuseingle, and is
therefore negligible into the very low aperture duse Gy
measurements (below 0.3°). Results feg,@Gre also shown in
Table 2. G is always very close to 100 %, i.e. the fraction of
light diffused slightly off-axis is relatively smialfor all
samples. Indeed, also specular gloss measuremantsopt to

a relatively weak total surface scattering. Thgtdldecrease of
Gpo With increasing nanopatrticles content indicategharease

in surface roughness, also in agreement with speaylbss
measurements. However, we remark that the RMS crfa
roughness is only slightly larger in A28 and Ad4n@ared to
Al6, an increase which is not sufficient to expl#ie more
significant reduction of &,. Here, a change in the structure of
surface roughness over length scales much beyoode th
considered in AFM measurements is probably invalved
Detailed investigation of these aspects of the camposite
surface will be the subject of further study. Theamter 5
describes a continuation of this work.

5.4 Summary

In summary, the surface and optical propertiesobf(@-ethyl-
2-oxazoline) were modified by the introduction ofiO}
nanoparticles in the polymer. TEM images showedt tha
nanoparticles are clustered in elongated aggregéataisout 40
nm confirming the DLS measurements of the aqueous
dispersion, and that they are homogeneously digatbin the
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polymeric matrix. On the other hand, regardlesshef TiO,
content, AFM images showed that some nanoparticles
protruded out of the films surface, modifying thgdiophilic
behavior of the pristine polyoxazoline. In partenyla growth
of the material’s contact angle with water up torenthan 90°
has been observed. This phenomenon has been w@trifouthe
partial coverage of the TiOsurface with the benzyl alcohol
originating from the nanoparticles synthesis. Moggo films
were characterized by an increase of the surfaoghrtess
with the nanoparticles concentration in the polymenatrix,
according to AFM height trace and specular gloss
measurements. From this point of view, nanocomedsins
were characterized by tunable surface propertiesh sas
roughness and hydrophobicity.

Optical properties were also investigated and céfra index
and UV filtering can be tailored by the increasing
concentration of nanoparticles in the polymeric nratin
particular, films characterized by high refractivelex up to
about 1.65 and UV absorption up to the proximityhaf visible
range were obtained. Moreover, nanocomposite filnese
optically transparent, albeit showing weak bulktang that
may result into a slight coloring of the film (hagi an impact
when used as a functional coating), and weak seidaattering
resulting into a slight reduction of gloss. Thusyeral optical
properties of these nanocomposites, and their egysearance
when used as coatings, may be tailored by varyimg t
concentration and nature of the nanoparticles enpiblymeric
matrix. The good chemical and physical propertieshese
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materials could allow their application in the gaamd coating
industry and in the field of conservation of cu#tulheritage.
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Chapter 6

Optical Effect of Nanocomposite Films
on Matte Painted Surfaces

6.1 Introduction

Painted layers are usually the characterizing eahknef
paintings; the picture and the picture’s subjectdd hthe
artwork’s meaning. From this point of view, the appance of
the painting is very important. Traditionally, arnish is used
in order to homogenize the light reflection of thaintings’
surface, and makes colors darker and more saturaidd a
consequent increasing of gloss. As well as at the ef
conservation treatments, with a lot of materialdestion the
paintings’ surface, varnish is applied in orderhide optical
imperfections under an homogenous and glossy |ayes. is
why the study of how different varnishes modify niaigs
appearance is a topic of interest in the field ofservation
science. According to these researches, the matiditc of
surface roughness is the main reason for resuifagmges in
the reflecting light of different coatings, whosefractive
indices are included between about 1.47 and 1.52][TThese
optical changes are connected to different smogtbh&havior
that are dependent by materials’ chemistry [3].

At the same time, paintings made with watercolartempera,
and a lot of contemporary works of art, requireeotiittentions.
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The addition of a new material on their surfacey midange
their characteristic matte appearance: the ditfycubf
intervention on such surfaces can result in comdenv
problems.

This paper describes the potentialities of hanoamsitgs films
as consolidants and coatings for matte paintedacest
Nanocomposites were fabricated loading a poly eth
oxazoline with titanium dioxide nanoparticles, imder to
obtain optically transparent UV filter and highlgfractive
coatings. The poly 2-ethyl-oxazoline was chosen tlas
polymeric matrix because of recognized propertieshsas
good adhesive force, pigments’ binder and coataypbilities
[4-6], light stability [7], water solubility and &k of toxicity
[8]. All these qualities made these materials maifescientist
interest [9, 10] and known in the conservationdfigll, 12].
Titanium dioxide was used because of its high otifra index
(2.5-2.9 depending on the crystalline phase) aral WV
absorption, linked to the semiconductive electrgmoperties
(indirect band gap of 3.2 eV) [13]. By charging th&ymeric
matrix with an increasing concentration of nandpkas,
nanocomposites’ bulk refractive indices can be duw&hout
changing the organic phase’s processability.

The major requirement for transparent nanocompmsidahe
nanoparticles’ size: it must be less than 40 nm gfzherical
nanoparticles 2r< A/10) in order to minimize the light
scattering described by the Rayleigh Law [14]. Tiki®ne of
the main drawbacks of working with nanoparticles, taey
tend to aggregate irreversibly because of the bigface area.
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Therefore, the development of methods for miningzin
nanoparticles’ aggregation is a topic of greatrade in the
scientific field [15-16].

In chapter 5, films characterized by an increasetentration
of nanoparticles in the polymeric matrix, were fanegal and
investigated using UV-visible spectroscopy, Atonforce
Microscopy, specular gloss and distinctness-of-enagoss
(DOI) measurements. Even if nanocomposites’ filmerav
optically transparent, they had a little percentafyoss in the
transmitting light, because of the Rayleigh scattgr
depending by nanoparticles’ high refractive indexd aheir
high concentration inside the polymeric matrix. tAe same
time, an increase in the surface roughness ofilie fvith the
addiction of the nanoparticles to the nanocompssiieas
recorded by AFM, and confirmed by specular gloss
measurements. On the other hand, distinctness-agengloss
results revealed that the surface’s scattering ribanton
seemed tiny.

In the course of this research, nanocomposite filnagle up
with the poly 2-ethyl-2-oxazoline and silicon didei
nanoparticles were prepared and compared to narpmsit@
films charged with titanium dioxide. The aim ofghwork was
comparing the optical properties of the highly aefive films
filled with titanium dioxide, and the optical prapies of
nanocomposites charged with silicon dioxide, whedeactive
index is similar to the polymeric matrix’s one.

In the research described here, the two sets ajaoamposite
films (charged with titanium dioxide and with sdic dioxide

155



nanoparticles), were prepared in three differemiceatrations
inside the polymeric matrix (16%, 28% and 44% w/they
were then investigated with UV-visible spectroscogyecular
gloss and distinctness-of-image gloss measurements.

In order to verify the nanocomposites’ optical pd@s in
practice, they were cast on a matte acrylic blaekntpd
surface and characterized by Reflectance Specpgsco

6.2 Experimental

6.2.1 Preparation and Characterization of
Nanocomposite Films

Pure Aquazol 20D (Polymer Chemistry Innovation,
M,=200000) films (AO) were prepared from a solutidrb@bo
w/w of the polymer in distilled water and cast oquartz plate
and microscope slides; thin films were obtainedbgporation
of the solvent at room temperature.

Nanocomposite films loaded with nanoparticles war&ined
by mixing the polymeric solution of Aquazol in watgith the
dispersions of nanoparticles in water in differestio. Films
characterized by an increasing concentration obparticles
in the polymeric matrix (16% w/w, 28% w/w and 44%wwy
were prepared by evaporation of the solvent. Tutandioxide
nanoparticles were synthesized using Niederbergalr eecipe
[17]; the method for obtaining the water nanop&etc
dispersion was already explained in the previouaptdr.
Nanocomposite films filled with silicon dioxide, éhbrand
dispersion LUDOX 40TM (Sigma Aldrich), was opportunely
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diluted and added to the polymeric solution in wai¥e chose
this commercial product because the nanopartidesheter is
about 40 nm, the same of the titanium dioxide nartapes
measured by Dynamic Light Scattering in water (4Z0D4#m).
Finally, seven films were prepared: AO (the pristpolymer),
Al16, A28, A44 (characterized by an increasing cabre¢ion
of titanium dioxide nanoparticles in the polymemgatrix
(16%, 28% and 44% wi/w respectively)), and S16, &8}
(filled with silicon dioxide nanoparticles at theanse
concentrations of A16, A28 and A44).

Films cast on quartz plates were characterized witGary
Varian 300 spectrometer, using a clean quartz pkxe
reference. The films’ thickness was calculatedhey $canning
Electron Microscopy (Hitachi S3400-N) images, achok
using backscattered electron detector (BSE). Inddion were
obtained using digital calipers, which are partiiedé onboard
imaging processing software included in the SEMivearfe
package. Sample fragments were mounted on conductiv
carbon tape and coated with a Au/Pd film of abo@d 1
angstroms of thickness. Films’ specular gloss&0at60° and
85° were determined according to ASTM D523 usingiero-
Tri-gloss apparatus [18]. Every result is an averag three
sets of measurements taken in different positiand,each one
is an average of six measurements. Relative erfahese
results is a maximum of 1%. In order to performcsia gloss
measurements, films were cast on microscope shWdésthe
uncoated sides spray-painted in black. Distinct@sbnage
gloss measurements were performed according to AE480
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using a Dorigon Il abridged goniophotometer [19}eEy result

is an average of six measurements. Relative erfahese

results is less than 1%. In order to perform thmsasurements
the same samples used for measuring the specolss glere

employed.

6.2.2 Preparation and Characterization of Black
Painted Model

The painting model was obtained by casting an achliack
color (Windsor and NewtShtube) on a pre-prepared canvas.
When the painted layer was dry, it was coated with
nanocomposites films (A16, A28, A44, S16, S28, Sit) the
pure polymer (A0). Every sample was characterizaethb 5%
w/w of polymer in water dispersion and every boxswated
with the same amount in weight of material.

A fiber-optic spectroradiometer, FS3 (ASD Inc, Bier, CO)
was used to obtain FORS (Fibers Optics Reflactance
Spectroscopy) spectra at various sites. The speetsy
operates from 350 nm to 2500 nm with a spectralpfiam of
1.4 nm from 350 to 1000 nm and 2 nm from 1000 t0026m.
The spectral resolution at 700 nm is 3 nm, and4&0l1and
2100 nm it's 10 nm. The light source of a leaf mrdiead
(ASD Inc) was used at a distance of 10 cm in ortber
illuminate the painting (4000 lux),; and the filveas placed ~1
cm from the object, giving a ~3 mm spot size to plating.
The samples were illuminated at 45 degrees andligié
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collected normal to the sample. Typically 64 specare
averaged and total acquisition time is 7 s pertpoin

Through the integration of the reflectance speicirthe visible
range (380-720 nm) the determination of the sarhglel®rs
was performed. Colors were reported in the CIE-Ib*atolor
space, where CIE is the&ommission International de
L'Eclairage the main international organization concerning
color and color measurement, while L*, a* and bt ahe
colorimetric coordinates plotted at right angleg ¢m the other
in order to form a three dimensional coordinataesys Equal
distances in the space represent approximately| explar
differences. Value L* represents Lightness, valtieepresents
the Redness/Greenness axis, and value b* represbats
yellowness/blueness axis [20]. Calculations wereopmed
using the CIE Standard lllumination D65, based atual
spectral measurements of daylight, that represanitsolor
temperature of 6504 K. This is the most widely usetbr
temperature in the industry of graphic arts andhm field of
cultural heritage, where it's employed to see calmanges on
works of art [21, 22]. The color differences arengmally
calculated as the square root of the combined squair the
chromaticity differences and is defined as Delt@E(AE):

AE = /(@)% +(b")? +(L')? (1)

AE has to be higher than 1.0 so that the changeslofs are
perceptible by the human eyes [20].
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6.3 Results and Discussions

6.3.1 Optical Measurements of nanocomposites films

UV-visible measurements of the films show theirfafiént
optical behavior (Figure 6. 6.1). The poly-oxazelifrilm A0)
absorbs completely the incident light up to abd2k 2m and,
the addiction of the SiOnanoparticles (Film S28), doesn’t
change the absorption properties of the polymeprarctice.
This is connected to the insulator character a€ai{energy
bandgap of 8.9 eV). On the other hand, films load#&d TiO,
show a strong adsorption up to the proximity of thble
range, because of the semiconduttive electronipgrties of
anatase (indirect energy gap of 3.2 eV). In paldicuthey
absorb up to about 300 nm, suppressing completelyJV-B
radiation, and their absorption increases withatecentration
of the nanoparticles in the polymeric matrix acoogdto the
Bouguer-Lambert-Beer Law (see Figure 6. 6.1 maggttifdn).
Furthermore, even if all the films are transpaiarnhe visible
range (while, at the same range, the curves ofptisine
polymer and those of the nanocomposite charged siliton
dioxide are flat), titanium dioxide nanocompositesow a
weak loss in transmittance, such as already shamwetapter
5. In order to verify the nature of the loss ohsmittance of
the films charged with Tig) the logarithm of the absorbance
versus the logarithm of the wavelength was fittedhwa
straight line. The slope of the curve was about -4,
demonstrating that films scatter according to thgl&gh Law.
Films’ thickness was an order of size less than saples
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described in chapter 5 according to SEM imagesouUdtr the
measure of the intercept, a ray of the partioleabout 20 nn
was calculated, in good agreement with the resildined with
the other films filled with TiQ (see chapter 5).
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Figure 6.1. Spectra UWisible of the pristine polymer (A0), the film @t
with the average concentration of $i@anopaitles (S28), and the filrr
characterized by 16% w/w and 28% w/w of Fi@ the polymeric matri
(respectively A16, A28). Blank is the referencettls the quartz plate, tt
same material on which films were cast.
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In order to compare the reflectivity prerties of the
nanocomposite films filled with silicon dioxide artidanium
dioxide, measurements of the specular gloss at @0,and
85°, and distinctness-of —image glossdwere performec

Figure 62 shows the specular gloss data at 20° for tistine
polymer film, and the films characterized by thereasing
concentration of Ti@ and SiQ nanoparticles. The measutr
data (black symbols) are compared with the predicésults
obtained using the Fresnel equation (white symbdas) the
poly-oxazoline and Si©colloidal solution have similar F
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(respectively 1.52 at 589 nm [8] and 1.46 in th&bke range
[23]), the predicted values of specular gloss arelar for the
pristine polymer and the nanocomposites filled wWHic,. A
small deviationbetween the measured values and thost
expected, was revealed for the samples charaaieliyethe
highest concentration of the SiOnanoparticles in th
polymeric matrix.
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Figure 6. 2. Comparison between the specular gloss meas(white
symbols) and predicted values (black symbofsthe pristine polyme¢ (0%
w/w of nanoparticles), Ti© (squares) and SiO(circles) sel. Data are
reported versus the concentration of the nanopesticy the polymeri
matrix.

The specular gloss data relative to piistine polymer and th
titanium dioxide series are the same reported enRigure 6
5.6 of chapter 5; the only difference is that, histcase, dat
are depicted versus the concentration in weight tlod
nanoparticles in the polymeric matrix insteafl the films’
refractive index. The films filled with the higheoncentration:
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of titanium dioxide in the polymeric matrix showetimajor
deviation between the measured and expected valhesy-
error bars are linked to the propagation of theeuamty on
films’ refractive index, as already explained ire tprevious
chapter. Relative error is always less than 3% estimate of
the RMS surface roughnegswas extracted from the expected
gloss as calculated with the Fresnel formula [2djhg the
Total Integrated Scattering formula (equation 4cbépter 5)
[25]. A summary of the results is reported in table.

Table 6.1. RMS Roughness of film& obtained from the
specular gloss using equation 4 of chapter 5 fallsimcident

angles @ = 20°).

Film Ti((jvf//‘\j\gnc' RI  o(nm)t
AO 0 152 1143
s16 16 151 84
s28 28 150 94
S44 44 150  11+4
A6 16 157 1542
A28 28 160 1742
Ad4 44 165  16+2

1 A\=550 nm.

Table 6.1 shows that the presence of the silicorxide
nanoparticles in the polymeric matrix leads to alsmeduction
of the surface roughness, in comparison with thistipe
polymer film; in particular, the smoothest coatilsgthe one
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with the lowest concentration of Sithanoparticles in th
polymeric matrix. On the other hand, a modest gnowft the
surface roughness with the increasing concentratioiio,
nanoparticles in the polymeric matrix is observé&dirther
studies will be performed in order to derstand interactior
between the polymeric chains and the nanopart({8é&s, and
TiO,) that lead to these different surface proper#desto this,
an important role is played by the chemistry of

nanoparticles’ surface.

In order to verify the role adhe surface roughness on the filr
reflectivity properties, distinctness-ofrage glos:
measurements were performed. Figure 6.3 shows dasumec
Gpo) values of the pristine polymer film (white squara)d the
nanocomposite films. SgOand TiQ sets (espectively the
white circles and the black squares) are showedusgethe
percentage in weight of nanopatrticles in the polyonaatrix.
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Figure 6.3. Distinctness-ofimage gloss measurements of the pris
polymer film (white square), and timanocomposite films filled with Si,
nanoparticles (white circle) and Ti@anoparticles (black square). Data
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reported versus the concentration in weight of panticles in the
polymeric matrix.

Distinctness-of-image gloss measurements are ajppatedy
the same for all samples and they are very closkeetqristine
polymer results, with no influence of the type airticles and
their concentration in the polymeric matrix. Thigsutd be a
demonstration that the roughness surface playsadl sohe in
the scattering properties of films and, as a camsecg, in their
appearance. In order to verify the results obtaingth the
optical characterization of films, samples weret caisa matte
acrylic black surface as coatings, and charactériasing
Reflectance Spectroscopy. Then, the spectra ieatefice of
the reference (the pristine paint), and the coatingre used to
describe the paint's changes of color with the w@oletric
coordinates L*a*b* and\E.

6.3.2 Optical Measurements of coatings on the Black
Painted Model

In order to test the optical properties of the ramoposite
films characterized in the previous section, thepdisions of
the nanopatrticles in the agueous polymeric soluivere cast
on a black painted surface. Films were obtaineduaporation
of the solvent. As described in literature [26]e tlgloss
behaviour of paints is a function of the pigmentlunce
concentration (PCV) in the binder; it was found ttliae
maximum gloss is achieved when the minimum amount o
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binder gets to cover all the particles without awids.
Therefore, over a critical PVC value, the formatajrair voids
leads to an increase of the surface roughness and,
consequently, a strong reduction of the paint’'saive index.
Because of the surface scattering and the lowa@feindex,
closer to the air one (about 1.0), painted surfagpeserally
appear matte and bleached. The application of aotrao
coating reducing surface scattering and charaewrizy a
higher refractive index (generally about 1.5) om thaint’'s
surface makes it appear more saturated and dazier2B].
This is the typical effect obtained by varnishedha field of
paintings conservation and, in general, by mostadtings
used in the paint industry. Anyway, “anti-refleg¢fincoatings
are searched in many situations and for differeasons [28].
Even in the conservation field, the maintenance tloé
characteristic matte appearance is necessary foe &ind of
artworks (i.e. watercolor and tempera paints, some
contemporary works of art, paper and stone arfefddte
penalty is the loss of the social, cultural and necoical
artworks’ value.

According to the theory, covering our black painteodel with

one of the films described, should obtain a glossaface
because of the increase of mismatch between thmactiek
indices of the paint and the air. This effect sdobé more
evident for nanocomposite films filled with TiOOn the other
hand, AFM images and the specular gloss measurement
revealed a growth of the RMS surface roughness with
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increasing concentration of  TiOnanoparticles in th
polymeric matrix.

Figure 6.4 shows the appearance of the painted lagfore
(box Ref) and after the application of the pristpzdymer (box
A0), the film filled with the aveage concentration of silicc
dioxide (box S28), and the films characterized ey presenc
of titanium dioxide in the polymeric matrix with dreasinc
concentrations (respectively box A16, A28, Ad4).

With the optical inspection, it is possible to sbe glossy
appearance of the coating made of the pure prizoline anc
the polymer filled with SiQ instead, coatings characterized
the presence of the embedded Ji&@ppear more matte al
haze with the increase of the concentration of parteles in
the polymeric matrix.

Figure 6.4.Images of the black painted surface before (Red) after the
application of the coating: pristine pobxazoline (Film AOQ);
nanocomposite with the 28% w/w of Si@ the polymeric matrix (Filn
S28); nanocomposite with the 16% w/w of Fid the polymeric matri
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(Film A16); nanocomposite with the 28% w/w of Ti@h the polymeric
matrix (Film A28); nanocomposite with the 44% w/\f IO, in the
polymeric matrix (Film A44).

The optical effect is exactly the opposite of thee @xpected
because of the increasing refractive indices ofitires.

The optical characterization of uncoated and coatgfiaces
was performed using the Reflectance Spectroscofly Fiber
Optics (FORS) placed at 45° by the source (seer&igb)

Figure 6.5.FORS setup used to collect the spectra in refheetaf the
uncoated and coated black paint.

The spectra in reflectance of samples are in g@vdeaent
with the visual inspection (Figure 6.6): the cogtiof the
pristine polymer and films made up with the silicdioxide
nanoparticles are too dark and bright. In particthay appear
darker with the decrease of the nanoparticles enpiblymeric
matrix and, in general, brighter than the pristoodymer; this
might be connected to the decrease of the surfeatesng
because of the reduced RMS surface roughness &xe G.1).
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On the other side, the set of films filled with Bi@anoparticle:
shows the opposite optical behavior of those clthrgéh
silicon dioxide: they appear more matte and hazi the
increase of nanoparticles’ concentration in theymp@ric
matrix. In particular, the spectrum of the sampiareacterize(
by the average concentration of Bi@anoparticles is the be
match for the reference’s spectrum from the refl@gt point

of view.
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Figure 6.6.FORS spectra of the uncoated and coated black
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Furthermore, a feature of the films charged wittarium
dioxide nanopatrticles is a growth of the curveedfectance ir
the visible range before the nanoparticles’ UV apton; it is
the only difference between the reference and dnepte A28
spectra. It is probably related to the Rayleightt®cag.

In order to have a better understanding of thercol@nge:
induced by the presence of coatings on the pasuéedce, the
conversion of the reflectance spectra in the coletiic
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coordinates L*, a* and b* was performed. Table €h®dws the
results obtained using the CIE Standard lllumiria®s, whose
spectrum is representative of the daylight conditikE values
were also calculated using as reference the peishilack
painted surface in order to verify whether the calbanges
were effectively perceptible by human eyes.

Table 6.2.Colorimetric coordinates L* a* b* of the black paifRef.) and
of the surface coated with the pristine polymer )(Adhd the sets of films
filled with SiO, (S16, S28 and S44) and TLiQA1l6, A28 and A44)AE
values are also reported. In bold font the onlyultetess than 1.0 is
reported, as it indicates that the change of dslamperceptible for human
eyes.

Ref. AO S16 S28 S44 Al6 A28 A44
L* 21.80 1480 7.10 1220 1290 17.10 2240 23.80
a* 0.02 0.2 -0.02 0.07v 0.12 0.1 0.1 0.09
b* -0.33 -025 -0.01 -0.28 -0.12 -1.18 -1.17 -1.77

AE 0 4.8 9.7 6.4 6.1 2 09 3.4

As it can be seen at the last line of table 6.2,ahlyAE value
less than 1.0 is the one of the box coated witHitimeof poly-
oxazoline charged with the average concentratiodiGg in
the polymeric matrix (Film A28). The difference ablor
between the other coatings and the reference Iehipan 1.0,
but it is mainly related to the coordinate L*, thattoo low.
This indicates an important decrease of the sutfghtness. In
fact, the paint appearance is too dark and satur&@e the
other hand, the colorimetric coordinates a* andds*film A28
show the major changes; in particular, the firs¢ tveads for
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the red (higher value), while the second one héadthe blue
(lower value). It is a typical characteristic ofetiRayleigh
Scattering that, with the surface scattering, camtrdoute for
the diffusing properties of the Thanocomposite films.
Probably the film with the major concentration daarium
dioxide scatters too much and appears lighter thiam
reference.

6.4 Summary

The verification of the optical properties of naomposite films
charged with titanium dioxide nanoparticles was riedr out
comparing them with the nanocomposite films loadegith silicon
dioxide nanoparticles. Both sets of films showedramease of the
surface roughness with the increasing concentratioranopatrticles
in the polymeric matrix; the coatings filled withCs always appear
smoother than the pristine polymer film and thedddilms charged
with TiO,. Distinctness—of-image gloss measurements shohad t
the contribution of the surface scattering on theasf reflective
properties was very small. Anyway, only Li@anocomposite films
showed additionally bulk scattering, because of lilgh refractive
index. The reflective properties of these films avbetter understood
by casting them on an acrylic black paint, whosstipe appearance
was matte. Coatings made of the pure polymer argeld with
SiO, nanoparticles appeared optically darker and ma@ated than
the pristine painted surface, data confirmed byfilhes’ reflectance
spectra. With the increasing concentration of nanoges in the
polymeric matrix, instead, coatings filled with Ti@anoparticles
changed over from too dark to too light films. Fraéhis point of
view, the average concentrated film was the bestalpmatch for
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the paint; the reasons of this optical behaviourevibe surface and
bulk scattering, both contributing to the final iopt result. In any(?)
case, apart from the simplified model used in wuask, it is possible
to tune the reflective properties of the FJi@anocomposite films
with the concentration of nanoparticles in the pwodyic matrix.
These optical properties could have interestingliegipons in the
paint and coating industry, and in the field of envation of cultural
heritage in which matte surfaces and supports babet coated
preserving the pristine appearance.
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Chapter 7

Light Stability of the poly 2-ethyl-2-
oxazoline nanocomposite coatings
loaded with TiO, nanoparticles

7.1 Introduction

In the previous chapters, the potentialities of Ti®@,-poly 2-
ethyl-2-oxazoline nanocomposite as coating for fteain
surfaces were studied and valued. In particul@rjritroduction

of titanium dioxide nanoparticles (anatase phaspared by
non-aqueous route) in the polymeric matrix perrditte obtain
films highly transparent with tunable refractivedléx and UV
absorption up to the proximity of the visible lighGreat
applications in the field of cultural heritage wasinted out
like consolidants and protectives for substratesosgh
appearance should not to change, such as for egampl
contemporary works of art, objects in metal, paortsvall and
paper, paintings made of tempera and watercolours.
Distinctness-of-image gloss measurements showddgcinthat

the presence of the films did not inhibit the vilsip of the
underlying image, even if the surface roughness andeak
bulk scattering increase with the TiOcontent. The
hydrophobic behavior of the final film point up alsteresting
application in the paint and coating industry. O tother
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hand, the water solubility of this material makeéself an
environmentally friendly product, interesting asrbaterial for
packaging industry and biomedical applications.

Apart from the material optical properties, anothi@ng that
should be considered is the photo-catalytic agtigfttitanium
dioxide [1], that can induce the degradation of pladymeric
matrix used for the nanocomposite preparation. Titasium
dioxide property can be considered a drawback enctiise in
which the durability of the material is an impottan
requirement, but - in recent years - several efftvds been
performed in order to catalyze the decompositionvarious
organic chemicals, such as aldehydes, and polymErs.
activated decomposition by titanium dioxide of défins [2-

4], polystirene[5], and some biodegradable polymers, such as
polylactide [6], pointed out the attention of theiestific
literature. These researches joins in the neces$ity “green
chemistry”, involved also on the developmentpodcesses to
reduce or to eliminate the use and generation dfardaus
substancesMoreover studies of mechanism of degradation of
polymers were investigated catalyzing the agingcg@se with
TiO,, such as Lemaire et al. [7] with polyundecanamide.

The photocatalysis reaction is well known to actose/gen
species, e.g. ©and peroxides radicals, from water and oxigen,
by redox reactions (see paragraph 2.3.2.2), unds&t U
conditions. These active oxygen species lead tegaadation
reaction by attacking polymer chains and accelggathain
cleavage.
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From this point of view, after the fabrication ofOp-PEOX
nanocomposites, characterized by a good dispersiothe
inorganic phase in the polymeric matrix, the malephoto-
degradation under visible light was studied. The
nanocomposite degradation was followed on time ByRE
The radical species generated during the polymgradation
were studied by Electron Paramagnetic Resonande)(EP

7.2 Experimental

Nanocomposite films of poly(2-ethyl-2-oxazoline) E®X)
filled with 16%, 28% and 44% in weight of TiO(see
paragraph 5.2.2 for the preparation) were cast @mostope
slides and exposed to long-wavelength radiatior @20 nm)

in a xenon arc Weather-ometer (Atlas). The Weatimeeter
irradiance was set to 0.9 W/mat 420 nm using a xenon arc
lamp (6500 Watt) with an inner soda lime and outer
borosilicate filter giving a spectral power distrilon that
approximates daylight through window glass. Theperature
and humidity was maintained at °®5and 38 + 6% RH. In
order to avoid the reflection of the light, a blazdedboard was
set on the back of the samples.

Micro-ATR FTIR was performed with a Si crystalATR
(Thermo) with an infinity reflachromat 15X objeativand a
Nexus 670 bench. Transmission micro-FTIR measurémen
were characterized by same samples in an effdlifferentiate
changes in bulk from eventual oxidation on the axef FTIR
spectra were collected at 256 scans with a resolwf 8 cni
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for HLATR measurements and 32 scans with a resolutioh of
cm® for data collected in transmission mode. FTIR spec
were collecting on time until to the complete delgitéon of the
samples.

The electron paramagnetic resonance (EPR) invéstigaas
performed by a Bruker EMX spectrometer working ret X-
band frequency and equipped with an Oxford cryostaking

in the range of temperature 4-298 K.

The powder sample - non aqueous anatase (see qanegP. 1
for the synthesis) — and the powder embedded irptigmer
matrix scratched from the glass slide - were coethiwithin
quartz glass tubes connected both to a high vaquumping
system and to a controlled gas feed)(O

Spectra were recorded in vacuum conditions>(ar) at 130
K, before and after 40 min of UV-irradiation at tlsame
temperature inside the EPR cavity. The experimentaiedure
guaranteed low recombination rate for the photogaad
species. No significant differences resulted betwtbe spectra
recorded just before and 20 min after switching tb# UV
irradiation, except a small decrease of the sigrahsity.
Modulation frequency was 100 kHz, modulation anuplé 2—5
gauss, and microwave power 10 mW. Irradiation was
performed by Vis 150W Xe lamp (Oriel) with the outp
radiation focused on the samples in the cavity byoptical
fiber (50 cm length, 0.8 cm diameter).

The g values were calculated by standardizatiom witr’-
diphenylf3—picryl hydrazyl (DPPH). Care was taken in order to
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always keep the most sensitive part of the EPRtyd% cm
length) filled.

7.3 Results and Discussion
7.3.1 IR Results

In Figure 7.1 the IR spectra of the pristine polyraed of the
films characterized by an increasing concentratibtitanium
dioxide are reported. Apart from the peaks relativethe
polymer - the vibration of the tertiary amide canioat 1630
cm?, the stretching and bending of the methyl and giette
groups around 1950-1850 ¢nand in the finger print region
respectively - it is possible to observe the absompof TiO,
over 750 critthat increases with TiQcontent in the polymeric
matrix.
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3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 7.1.FTHR spectra of films before aging: a) AO; b) A16;A98; d)
Ad4

Moreover a broad band at 3280 twverlapped with the bar
at 3490 cri, attributed to the physidsorbed water, growtl
with the concentration of Ti§) attributed to the vibration
mode of acid hydroxyls present on the anataseli

In Figure 7.2 and 7.3 the IR spectra of the samplesthe
pristine polymer, and A44, the sample characterikgdthe
44% of titanium dioxide in the polymeric matrix eareportec
after different time of irradiatiorOther samples spectra are
reported, but it was verified that tiplotodegradatic rate of
nanocomposites is controlled by Ti@anoparticle content.
The polyoxazolines, as already reported in liteea{8], are ¢
very stable material, and after 1517 h, correspuntd abou
20 years ofnatural aging in indoor condition, the PEOX
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spectrum does not show evident changes (see tlogriapef
reported in figure 7.2).

——
b) '

a)

3500 3000 2500 2000 1500 1000

Wavenumber (cm ™)

Figure 7.2.Poly 2-ethylexazoline (AQ) spectrum after a) Oh; b) 90h
180h; d) 311h; e) 655h and f) 1517h of aging.

On the other hand, in the IR spectrum of the sardpld
collected after different times of irradiation, iorpant change
appear after only 6 hours. Figure 7.3b shows a bawd ai
1730 cm that increases on time. Moreover, after 24 hows
figure 7.3¢ a shoulder of the amide carbonyl band appes
1670 cm', while the main peak at 1630 ¢rdecreases. In tt
spectrum of the sample after 48 hours of agingn#ve peak i
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more intense than the pristine. After 180 hourse (Bgure
7.3f), the peak ofthe tertiary amide carbonyl disappe
completely. In the same time, the intensity of peeks at 142
cm* and 1200 cm decrease, while the bands at 1341 and :
cm* growth on time and a new peak at 1170'@ppears

1630 ~

3490 3280
/
a)
3500 3000 2500 2000 1500 1000

Wavenumber (cm')
Figure 7.3. FT-R spectrum of the most concentrated hanocompdégit
after a) Oh b) 6h; c) 24h; d) 48h e) 90h ;f) 18Btaging The spectrum ¢
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the nanocomposite after 311h is not reported dimeenaterial is completed
destroyed and no IR bands appear.

So, the bands at 1730 and 1670 ‘ciimcrease until the
complete polymer degradation, observed after 31drshof
irradiation (the spectrum is not reported here bseds a sort
of flat line). These peaks have been attributethéocarbonyl
of a carboxylic acid and a free secondary amidee&s/ely.
Moreover the appearance of a broad band at ab@@ 83"
confirms the formation of acid hydroxyls.

These information permitted to develop a mecharo$moly
(2-ethyl-2-polyoxazoline) degradation.

7.3.2 Mechanism of polymer degradation

The mechanism of Ti@photocatalyzed degradation of poly
(2-ethyl-2-oxazoline) is showed in Scheme 7.1. &keitation
of titanium dioxide with the visible light in presee of oxygen
leads to the formation of reactive species sucblds, OH-,
O-. A conventional radical mechanism promotes gurdper-
oxidation of thea carbon to the nitrogen. No experimental
results favor the break between the nitrogen aedctdrbonyl
and, in general, stronger condition of aging sulV¥-B light

(A < 300 nm) are required [11]. Moreover, the attankother
carbons could not be completed ruled out. In tHese 1,
apart from the peroxy radicals, other intermed@mteducts are
described, such as the alkyl and the alkoxy raslidalit the
final result is the decomposition of the polymer anfree
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secondary amide and a carboxylic acid, as expetahelata
showed.

Scheme 1Predicted mechanism for polyoxazoline degradation
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7.3.3 EPR Results

After irradiation in vacuum, an intense and broa&dtdre
associated to different ¥i species arises in the spectrum of
anatase powder (Figure 7.4a). The spectrum is @ngdle to
the superimposition of three different resonandkes: narrow
signal at g = 1.985 corresponds to the perpendicular g-tensor
component of anatase*Tibulk centers (g is not detectable
due to overlap with the other lines); the other tsignals are
assigned to electrons become trapped on two distundace
trapping sites (g = 1.934, and weaker atcg= 1.954). We
propose that these two species are originated bydifferent
coordination environments of anatase surfacé” @ie to
surface binding of residual benzyl alcohol molesulsee
figure 5.2 explained in paragraph 5.3.1). Generdllij" in
titania are found in a tetragonally distorted oetdal crystal
field (Scheme 7.2, structure “A”). Therefore, théagtor of the
EPR signal will depend on the extent of tetragatfisdortion.
In the present case, we suggest that when two balchol
molecules are coordinated to the Ti center (Schéhi
structure “B”), the crystal field does not beconigngicantly
distorted and a small shift from the g-factor ofIllj surface
centers (g = 1.924) is observe@)d/Nhen three OH groups are
replaced with benzyl alcohol terminations (Scheme, 7
structure “C”), the crystal field becomes more agtmally
distorted due to the larger extent of covalent mménd the
shift of the g-value (g becomes higher [9]. Finally, weak
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sigrals associated with surface trapped holes in #tgd
species) are also detectable.

1985

T T T
3200 3300

T
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Magnetic field (Gauss)
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Figure 7.4 EPR spectra at 130 K of Ti@fter a) Vis irradiation in vacuu
(p < 10° mbar) or b) in the presence of p{& 10 mbar.

Scheme 7.2.Predictedstructure of surface Ti atoms uncoordinated

coordinated with benzyl alcohol.
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After irradiation under @ (10 mbar) the resonances associated
to the surface electron trapping sites show a fogmt
decrease probably due to their photoxidation, wthike signal
intensity of bulk T¥* centres remains more-less constant.
Moreover, new intense signals attributable t&-TD, species
(1= 2.0290 g= 2.0086, g= 1.9930)become evident (figure.
7.4b).

Concerning the anatase powder embedded in the polym
matrix, after visible irradiation in vacuum (figuig5a), EPR
spectrum shows resonance lines attributable tdliaaiaspecie
associated with the polymer matrix; this could @wnfthe
alkyl radical specie described in the scheme 7h&. rEsonance
lines attributed to Fi surface trapping sites significantly
decrease (figure 7.5a) and the g-values undergoadl shift,
while the features associated td"Thulk species become more
evident and also the parallel component is detéstadya =
1.956).

Irradiation under oxygen leads to the increasehef radical
amount associated to the polymer matrix (figurdy.5he Tt*
amount remains instead more-less constant. Thesaltge
suggest that in the polymeric nanocomposite the
photogenerated holes are trapped by the polymeatrixn
which better stabilizes radicals, while the elentroare
involved in reduction of T to Ti** centres [10].
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Figure 7.5 EPR spectra at 130 K pblymeric nanocompos after a) Vis
irradiation in vacuum (p < T0mbar) or b) in theresence of p(,) = 10
mbar.

The formation of T species is macroscopically confirmed
blue coloration of nanocomposite films after irgttn with
the xenon lamp. The blue coloration faded away afeut 12
hours since the samples were removed from the e
ometer and preserved in atmospheric gety and othe
oxidizing agents. Under these conditions, in faatjll) is
oxidized again in the more stable Ti(I\(3ee figure 7.).
Moreover the induced degradation of the polymeratrm is
manifested by the intense yellowing of the film&oi® 7.t
shows the films appearance after 90 hours of bgjmg of the
samples in the weather-ometer.
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a)

A0 Al6 A28 Ad4

L] ' 0 8
Figure 7.6. Images of the pristine polymer and nanocompositas fafter
6 hours (a) and 90 hours (b) of light aging. Sampiere removed frot
weatheremeter and photos performed just after some hafirtmospheric
conditions.

7.4 Summary

In this chapter the vikle light stability of the Ti(-PEOX
nanocomposites was verified. We found that titandioxide,
in the anatase phase, obtained by the amreous synthesi
induced a rapid depolymerization of the polymeriatmx in
simple condition of visible light. ie mechanism of polym:
degradation was studid®y FTIR, while the species involved
this process were studied using EPR.

On the basis of the results obtained by EPR spstipy, we
have demonstrated the existence of two surfacdl)Tagnters
on TiO, particles having different extents of tetrago
distortion of the octahedral crystal field. The sea of thes:
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heterogeneities was attributed to the presencehefbenzyl
alcohol on the anatase surface as synthesis résidua
lllumination of the TiQ nanocomposite results in the
formation of trapped electrons (Ti(lll) centers)dantrapped
holes. In particular, photoproduced holes are ktaki by the
polymer, generating radicals, which in turn readhwD, to
form peroxy radicals. The process contributes tepkéhe
electrons, located on ¥icenters, separated from the holes and
fixed on the polymer, favoring the photocatalytiftoacy.
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Chapter 8

General Conclusions and
Recommendations

As conclusion, we developed a good strategy inraebtain
transparent TIQQPMMA sheets with tunable diffusing
properties.

The objective of the first step was to turn the roypdhilic
character of the Ti@surface into hydrophobic, in order to
improve the nanoparticles dispersion in MMA.

The surface modification of anatase nanoparticléth \&n
aliphatic phosphonic acid, and of rutile nanop&towith an
aliphatic amine permitted to obtain stable colloidsMMA.
Then, the bulk polymerization of the monomer filletth the
nanoparticles was led, obtaining optically transpasheets.
Appropriate fine tuning of a spectrometer permiti@aneasure
the optical properties of these objects, whose szat least
20cm x 20cm.

In parallel, transparent TIPEOX nanocomposite films were
fabricated: anatase nanoparticles synthetized agoeous
route were dispersed in water and mixed with theeags
polymeric solution. Optically transparent and hyghgfractive
films were obtained by evaporation of the waterMI'ithages
showed a good dispersion of the nanoparticlesarptilymeric
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matrix, even if the high content of TiQup to 44% w/w).
Moreover, the organic residual on the Ti€urface induced an
hydrophobic character of the most concentrated camposite
film.

Thanks to their improved optical and surface progerthese
nanocomposite films could be used in the coatimgstry and
particular application was thought in the conseovatof
cultural heritage.

We also make recommendation that further reseanctain to
be carried out to explain the role played by beratgbhol on
the surface and catalytic properties of the anataseparticles
used in this work.

Moreover, other ceramic nanopowders, such as ZmOZa®,
characterized by UV absorption, transparence in uiséle
range and high refractive index, but — on the othand —
reduced catalytic activity, will be interestingitwestigated.
The next step in the project for lighting applicatiis the
introduction of phosphors or chromophores in th@,APMMA
nanocomposite sheets in order to perform the ceioeof the
blue in a warm white light.
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